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ABSTRACT 
Aqueous two-phase (ATP) partitioning was paired in a variety of ways to use of 
transgenic corn for protein expression. Systems were developed to selectively partition corn 
proteins from classes of potential recombinant proteins as well as the specific case of dog 
gastric lipase. More fundamentally, ATP partitioning was used to expand 2D gel 
electrophoretic characterization of protein size and pi to the third dimension of 
hydrophobicity with the usefulness of the method illustrated for corn extracts. 
ATP partitioning in polyethylene glycol (PEG)-salt systems separates proteins primarily 
according to their surface hydrophobicity differences. The average hydrophobicity of pH 7 
extracts of endosperm proteins is higher than germ protein. The hydrophobic resolution of 
the phases depends on molecular weight (MW) of PEG and NaCl addition. Carrying out 
extraction and partitioning in one step benefits separation by reducing the extracted host 
proteins. 
Removing oil, by dry milling to remove the germ or hexane extraction, increased the 
extraction of the hydrophobic protein recombinant dog gastric lipase (r-DGL) expressed in 
the endosperm and reduces surfactant requirements. Germ removal and extraction at pH 3 
decrease host protein burden. The recovery of r-DGL was increased by decreasing particle 
size and optimizing extraction time. ATP parameters for optimal purification of r-DGL 
included PEG MW, phase forming salt, NaCl addition, Triton X-100 concentration and phase 
ratio. Countercurrent ATP partitioning could theoretically achieve purification equivalent to 
cation exchange chromatography by using three to seven stages, but the concentration factor 
would remain lower. 
The surface hydrophobicity, isoelectric point (pi) and MW of the aqueous soluble corn 
vi 
germ proteins extracted at pH 4 and pH 7 was characterized by separately quantifying 
proteins partitioning in the top and bottom phase of polyethylene glycol (PEG) 3350 
(15.7%)-Na2SC>4 (8.9%)-NaCl (3%) aqueous two-phase (ATP) systems with two dimensional 
(2D) electrophoresis. The pi and MW of host proteins were obtained through 2D 
electrophoresis directly. The partition coefficients of individual proteins, which were 
obtained by quantifying the proteins spots in the 2D gels of the top and the bottom phase 
samples, were used to estimate their hydrophobicities according to a surface hydrophobicity 
scale based on the partition coefficients of several proteins with known surface 
hydrophobicities in the same ATP system. This 3D mapping method can be used to optimize 
separation of target proteins from specified hosts or to choose suitable hosts and host tissue 
for targeted expression. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
As a result of transgenic technology development, plants are now being considered as 
factories for recombinant proteins (Kusnadi et al., 1997). As a widely planted cereal, com has 
been used to express or produce many kinds recombinant proteins such as avidin (Kusnadi et 
al., 1998a), ^-glucuronidase (GUS) (Kusnadi et al., 1998b), and gastric lipase (Roussel et al., 
2002). But to develop the new industry, more emphasis must be placed on downstream 
process development research because the costs of recovery and purification are more than 
90% of the total cost of producing recombinant proteins from corn (Evangelista et al., 1998). 
In these downstream operations, many polishing purification steps have been 
established such as chromatography and ultrafiltration. But extraction and initial purification 
methods that are able to handle large amounts of biomass economically and efficiently, have 
been given relatively little attention (Menkhaus et al., 2004). 
Aqueous two-phase (ATP) partitioning is an effective recovery and partial purification 
method that has been widely studied in the separation of microbial source recombinant 
proteins (Albertsson, 1986). ATP partitioning has also been used to analyze the 
hydrophobicity of proteins or peptides (Zaslavsky, 1995). In addition, dry milling and 
fractionation have been used to enrich recombinant protein targets expressed in com germ 
(Kusnadi et al., 1997) and possibly change the contaminating protein content (Menkhaus et 
al., 2004). 
But until now it has been virtually impossible to select separation and purification 
operations for recombinant proteins in a rational manner due to a lack of fundamental 
knowledge of the molecular properties (surface hydrophobicity, charge, molecular weight, 
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and bioaffinity) of the major containments, i.e. native proteins, to be separated and how those 
properties determine seaparation behavior (Asenjo and Andrews, 2004). 
Therefore, this work has focused on two problems concerning the application of ATP 
partitioning: 1) the application of ATP partitioning in purifying targeted foreign proteins 
from transgenic corn and 2) the obtaining of native com proteins' properties for developing a 
rational method for separating recombinant proteins from transgenic com. 
Dissertation organization 
This dissertation contains six chapters. References are listed at the end of each chapter 
in which they are cited. 
The first chapter is an extensive literature review covering various aspects of the project, 
including, the utilization of com as bioreactors to produce recombinant proteins and ATP 
partitioning as a separation method for recombinant protein. The remaining chapters are 
journal manuscripts describing the experimental work conducted to fulfill the research 
objectives stated above. 
The first paper (Chapter 2) deals with applying extractive ATP partitioning in the 
extraction and partial purification of model recombinant proteins spiked into com fraction 
extracts: lysozyme, ribonuclease A and cytochrome c from endosperm and germ fractions. 
Moderate PEG MW, reduction of phase ratio, and added NaCl effected complete recovery of 
the hydrophobic model protein lysozyme in the top phase with ca. 5X enrichment and 
illustrates a favorable match of recombinant protein characteristics, expression host, and 
separation method. Furthermore, the relatively hydrophilic model protein cytochrome c was 
purified and recovered in the bottom phase of PEG-NaaSC^-NaCl systems at pH 7. The 
purification was optimized by expression (spiked) in endosperm, NaCl addition and 
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decreasing PEG MW. However, the selectivity of ribonuclease A was not enhanced by NaCl 
addition because its surface hydrophobicity was similar to com proteins extracted by the 
PEG 3350 (15.7%)-Na2S04 (8.95%) system at pH 7. In other words, the purification of 
ribonuclease A was not achieved by selective partitioning, but by the extraction of fewer com 
proteins. 
In the second paper (Chapter 3), the selective extraction strategy for the hydrophobic 
protein recombinant dog gastric lipase (r-DGL) expressed in the endosperm of transgenic 
com seed was developed. Removing oil by dry milling fractionation or hexane washing 
increased the extraction of r-DGL and reduced the surfactant consumption. Compared with 
hexane washing, dry milling and fractionation benefits the extraction by reducing native 
protein content. Further selective extraction was achieved at pH 3 because of the low 
solubility of native com proteins at this pH. In addition, the extraction of r-DGL from 
endosperm depends on the particle size of the com and stability of r-DGL. Smaller particle 
size increased the recovery of r-DGL but did not change the optimal extraction time, while 
excessive long extraction time (more than 7 hours for endosperm) decreased the recovery of 
r-DGL. 
In the third paper (Chapter 4), two separation methods, aqueous two-phase (ATP) 
partitioning and cation exchange, were compared for their abilities to purify the hydrophobic 
and acid-stable protein r-DGL from extracts of transgenic com endosperm. ATP variables 
optimized in this study included polyethylene glycol (PEG) molecular weight, phase forming 
salt, NaCl addition, Triton X-100 concentration and phase ratio for optimal r-DGL 
purification. Countercurrent ATP partitioning could theoretically achieve purification 
equivalent to cation exchange chromatography by using three to seven stages, but the 
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concentration factor would remain lower. 
In the forth paper (Chapter 5), a three-dimensional (3D) mapping method was 
developed to characterize surface hydrophobicity, isoelectric point (pi) and molecular weight 
(MW) of the aqueous soluble proteins in a mixture of model proteins. In this method, 
proteins partitioning in the top and bottom phase of polyethylene glycol (PEG) 3350 
(15.7%)-Na2S04 (8.9%)-NaCl (3%) aqueous two-phase (ATP) systems were separately 
quantified by two dimensional (2D) electrophoresis. The pi and MW of host proteins were 
directly obtained through 2D electrophoresis. The partition coefficients of individual proteins 
(each single spot on the 2D gel represents one individual protein), which were obtained by 
quantifying the proteins spots on the 2D gels of the top and the bottom phase samples, were 
used to estimate their hydrophobicities according to a surface hydrophobicity scale based on 
the partition coefficients of several proteins with known surface hydrophobicities in the same 
ATP system. The method is illustrated by application to a mixture of model proteins and also 
to complex mixtures consisting of pH 7 and pH 4 extracts of corn germ proteins. 
The sixth chapter provides overall conclusions. 
Literature Review 
Corn as host for recombinant protein expression 
Corn has been used in commercial production for such recombinant proteins as avidin 
(Kusnadi et al., 1998a), aprotinin (Azzoni et al, 2002; Zhong et al., 1999), |3-GUS (Kusnadi 
et al., 1998b) and dog gastric lipase (Roussel et al., 2002). 
Corn is a monocotyledonous plant; therefore, its seed is comprised mainly of 
endosperm. The structure of the corn kernel is shown in Figure 1 (Lasztity, 1999). The germ 
is oil and protein rich, while the endosperm is starch rich. The germ contains the majority of 
the oil, while endosperm contains more total protein because it is greater part of the kernel 
(Table 1). In addition, as a result of the solubility differences and uneven distribution in 
tissues (Lasztity, 1999), endosperm contain much less aqueous soluble native protein than 
germ (Table 2) (Johnson, 2000; Lasztity, 1996, 1999). 
Endosperm 
Starch 
Starch 
and Gluten 
Pericarp 
Hull arid nb©r 
Germ 
Figure 1. Kernel Structure of Maize 
(Lasztity, R.1999. Cereal chemistry. Akademiai Kiado, Budapest, Hungary. 259p) 
Permission for using Figure 1 was granted by Akademia Kiado, Budapest, Hungary. 
Table 1. Chemical compositions of corn kernel tissues (dry basis) 
Tissue Percent of Protein Oil Carbohydrates (wt%) Ash kernel (wt%) (wt%) (wt%) Starch Sugar (wt%) 
Whole Kernel 100 10.2 4.6 61 7 1.3 
Endosperm 83 8.6 0.86 86 0.65 0.3 
Germ 13 19.6 32.2 7.5 11 10 
(Lasztity, 1996, 1999 and Johnson, 2000) 
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Table 2. Major proteins of corn and distribution in the kernel 
Protein content 
(mg/g solids) 
Aqueous soluble proteins 
A , ,  .  Globulins A l b u m i n s  ,  u  . . .  (salt needed) 
pH >10, surfactant, 
reducing reagent 
Glutelins 
Alcohol solution 
Zeins 
Whole Kernel 8 9 41 40 
Endosperm 2 2 40 40 
Germ 50 60 49 10 
(Adapted from Menkhaus et al., 2004). 
As a consequence of composition differences of kernel parts, tissue specific expression 
may benefit the purification process by reducing potential contaminants and enriching the 
target protein (Menkhaus et al., 2004). Furthermore, an endosperm extract would have much 
less oil than a germ-rich or whole kernel extract, which would also simplify purification 
(Kusnadi et al., 1998b). Recombinant P-GUS has been enriched tenfold in germ fraction by 
germ expression, followed by dry milling and fractionation (Kusnadi et al., 1998b). 
Downstream processing 
Overview 
The downstream processing requirement is determined by the intended use of the target 
protein, and the properties of the target protein and critical impurities. For a recombinant 
protein to serve as pharmaceutical agent, extensive downstream processing is needed to 
ensure its purity above 95-98% (Menkhaus et al., 2004). For commercialization of 
recombinant proteins from transgenic corn, downstream processing costs are most important 
(Evangelista et al., 1998) comprising 88% of the annual operating cost (Fig. 2), while the 
cost of kernel production, harvesting and dry milling are only 12%. 
7 
60 
r so 
o 
£ 40 
| 30 
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m 
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40 
milling transgenic extraction purification 
corn 
Operation 
Figure 2. Share of operating costs for protein production from transgenic plants 
(Evangelists et al., 1998) 
The general procedure for handling transgenic grain after milling can be divided into 
four sections, extraction and clarification, capture (isolation and concentration), intermediate 
purification and purification or polishing (Menkhaus et al., 2004). 
Although extraction and purification methods were extensively investigated for 
recombinant proteins from corn (Azzoni et al., 2002; Kusnadi et al., 1998a,b; Menkhaus and 
Glatz, 2005; Zhong et al., 1999), very little attention has been given to clarification steps 
which are absolutely necessary before an eventual purification with packed bed 
chromatography. Also, it is economically desirable to concentrate the extract stream prior to 
further purification, in order to reduce the volume of material to be processed (Menkhaus et 
al., 2004). 
There are two options for combining clarification of plant extracts and initial capture of 
products into one step: expanded bed adsorption (EBA) and aqueous two-phase extraction. 
Of these methods, EBA has been used to recover slgA from corn endosperm extract 
(Menkhaus and Glatz, 2005), while ATP partitioning has been used to recover and 
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concentrate a relatively hydrophobic protein: lysozyme from tobacco (Balasubramaniam et 
al., 2003). 
ATP partitioning 
An ATP system is formed when two water-soluble polymers, such as poly (ethylene 
glycol) (PEG) and dextran, or a polymer and a salt, are dissolved in water beyond the critical 
concentration at which two immiscible phases form. Utilization of aqueous two-phase 
partitioning technology in protein purification and characterization has been studied widely 
(Zaslavsky, 1995). Because the two phases are both aqueous solutions with high water 
content (70% - 90%), both phases maintain protein stability. In addition, as an initial 
separation step, ATP systems have the potential for integrating extraction, clarification, and 
separation in a single step (Albertsson, 1986). 
ATP systems formed by polymers other than PEG are not considered in this research 
project. Furthermore, because of higher cost and higher viscosity of dextran, PEG-salt 
systems are more suitable for large-scale application (Costa et al., 2000). As a result, PEG-
salt systems were applied in this project. 
Definition in ATP partitioning 
The partition coefficient 
K, = 
bottom (1) C 
where i means protein i 
The mass balance of protein i in the two phases is: 
bottom 
bottom 
(2) 
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where C" is the average concentration of protein i in the ATP system 
The phase ratio of the ATP system is: 
0 = top (3) 
V, bottom 
The purification factor of target protein in the top or the bottom phase is 
target (4) 
PF 
z-t bottom 
bottom t org et c, target (5) bottom 
Factors controlling ATP partitioning 
The partitioning of proteins in ATP systems is a complex phenomenon which involves 
many modes of interactions between the solute and the phase-forming components 
(Zaslavsky, 1995). In general, the partition coefficient can be expressed as function of factors 
including size or volume exclusion (Ksize), electrostatic (Keiectrostatic), hydrophobic 
(Khydrophobic)•> bioaffinity (Kaffinity), conformation changing (Kconformation) and other factors (K0), 
which is shown in Equation 6. 
^ ^0 * ^  electrostatic ^ ^hydrophobic ^ ^affinity ^ ^size ^ ^conformation 
And these factors can be divided into two groups. The first group includes protein 
properties such as surface charge, surface hydrophobicity, MW, conformation, potential 
affinity binding sites (Raghavarao et al, 1998). The second group includes ATP systems' 
parameters such as type of polymer, polymer MW and concentration, type of phase forming 
salt, salt concentration, and pH (Zaslavsky, 1995). 
10 
Effect of ATP systems' parameters 
PEG MW 
In PEG-salt systems, changing MW of PEG will significantly change the 
hydrophobicity and free volume of the ATP systems (Zaslavsky, 1995). In general, proteins 
or particles will favor the PEG phase more if the MW of PEG is reduced (Albertsson, 1986). 
In general the MW range of PEG is only from 1 kDa to 8 kDa But 3 kDa is usually the 
upper limit because the sensitive range for PEG MW is 1 kDa to 3 kDa for most proteins 
(Zaslavsky, 1995;), while most proteins stay in the bottom phase in PEG 8000 systems or 
stay in the top phase in PEG 600 systems (Engel et al., 2000; Zaslavsky, 1995). In addition, 
high viscosity of ATP systems with too high PEG MW, hinder phase separation (Engel et al., 
2000). 
In spite of these, PEG 8000 or PEG 600 systems will be highly selective if the target 
proteins could partition more to the top phase or the bottom phase, respectively. 
Phase-forming salt 
The choice of phase-forming salt is the other important component parameter. The order 
of phase-forming ability of common salts is phosphate (more basic) > phosphate (neutral) > 
sulfate > carbonate > phosphate (more acidic) (Zaslavsky, 1995). In addition, citrate has also 
been used to form ATP systems with PEG (Marcos et al., 1999; Li and Beitle, 2002). 
Phase component concentration 
The concentration of phase forming components in an ATP system determines the tie 
line length {TLL) and phase ratio i.e. the volume ratio of the top phase to the bottom phase. 
TLL is the parameter that quantifies the concentration difference between two phases. In 
general, longer TLL enhances more one-sided partitioning of solutes such as proteins to one 
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phase. Proteins are driven out of the respective salt- and PEG-rich phases because of salting-
out and excluded volume influences on protein solubility (Hassinen et al., 1994). On the 
other hand, longer TLL enhances the absorbance of cell debris particles at the interface and 
improves the clarification of the system (Rito and Lyddiatt 2000). 
Having fixed the nature of the top and bottom phases to provide favorable selectivity, 
product recovery and overall purification factor can still be manipulated by controlling the 
phase ratio (Marcos et al., 1998). In principal, the partition coefficient of individual proteins 
would be independent of phase ratio; but the apparent partition coefficient of total protein i.e. 
the partition coefficient of a complex mixture of proteins changes with phase ratio. The 
detailed explanation is described as following. 
According to the definition of mass balance (Equation 2) and phase ratio (Equation 3), 
the concentration of protein i in each phase can be expressed as: 
If the protein mixture contains n type proteins, the partition coefficient of total protein is 
ch'" = c; x  1 + ®  x  MB, 
'  7+A: ,xd> 
(7) 
= c; x Ki + Kj x <I> 
1  +  K I X 0  
xMB: (8) 
(9) 
For a target protein, the purification factor in the top phase or the bottom phase is 
12 
ppt°p = 
target 
i=l 
PF bottom 
target 
target (H) 
As shown in Equation 6, the partition coefficient of total protein is a function of the 
phase ratio even if the partition coefficients and mass balance of individual proteins did not 
change with phase ratio because the concentration of individual proteins is generally not 
same in a complex mixture of proteins i.e an extract containing the target protein and host 
native proteins. As a similar result, the purification factor also changes with the phase ratio 
(Equations 9 and 10). In addition, the effect of phase ratio on the partition coefficient of a 
complex mixture of proteins (i.e. the host's protein) can only be obtained by experiment 
(Marcos et al., 1998). 
pH and NaCl addition 
Besides the properties of the phase forming component, pH (Olivera et al., 2004; Engel 
et al., 2000) and added salt, i.e. NaCl are significant factors influencing ATP partitioning. 
Influence of pH is weak in PEG-salt systems because charge of proteins plays a weak 
role in PEG-salt systems (Andrews et al., 2005). But, the extremely pH may change proteins 
conformation (Yamahara et al., 1998), which might change partitioning of proteins. 
NaCl addition is the most common modifying agent of ATP systems for enhancing the 
hydrophobic protein partitioning into the top phase of PEG-salt systems (Hachem et el., 
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1996; Andrews et al., 2005; Franco et al., 1996a) or hydrophilic protein partitioning in the 
bottom phase (Sarmento et al., 1997). The effect of NaCl addition in PEG-salt systems can be 
explained by the following mechanisms: 1) NaCl addition in PEG-salt increases the 
hydrophobicity difference between two phases in PEG-salt ATP system (Zaslavsky, 1995); 
2) NaCl addition enhances the hydrophobic interaction between PEG and protein (Hachem et 
al., 1996); 3) the salting-out effect of the neutral salt promotes proteins self-association or 
aggregation as well as hetero-association with a hydrophobic component such as a PEG 
molecule in the PEG/salt systems (Li and Beitle, 2002). In summary, NaCl addition changes 
the selectivity of ATP partitioning in PEG-salt systems via changing the hydrophobic 
interaction (Andrews et al., 2005). 
Protein properties 
Of protein properties, charge and hydrophobicity (Zaslavsky, 1995) are major factors, 
with the hydrophobicity being more important than surface charge in PEG-salt systems 
(Andrews et al., 2005). 
Hydrophobicity 
In general, increasing the hydrophobicity of the protein without changing its size, 
charge, or potential affinity will cause an increase in K especially in PEG-salt systems 
(Hachem et al., 1996a), As regards hydrophobicity, protein partitioning in PEG-salt systems 
parallels hydrophobic interaction chromatography (Huddleston et al., 1996) and salting out 
precipitation (Hachem et al., 1996a; Andrews et al., 2005). According to their results, the 
partition coefficient can be expressed as function of proteins' hydrophobicity and 
hydrophobic properties of the ATP systems because: 
14 
1 : Log À" of a protein can be expressed as Equation 12 bases on Equation 6, 
Log K = Log K0 + Log Keleclrostatic + Log Khydrophobjc + Log Ka^inity + Log Ksize + Log Kcon^ormation 
(12) 
2: in PEG-salt systems with NaCl addition, hydrophobic factor dominates protein 
partitioning (Hachem et al., 1996; Andrews et al., 2005), while other factors are insignificant, 
therefore 
log # = Zog , (13) 
Furthermore, the partition coefficient K can be expressed as function of proteins surface 
hydrophobicity (P), the intrinsic hydrophobicity of the ATP system (PQ) and the hydrophobic 
resolution (/?), which is the degree to which the ATP system can separate proteins with 
different hydrophobicities : 
Log K = RXLog — (14) 
PQ 
Since PQ is the same for all proteins in a given ATP systems, for a series of proteins 
R = A L o g K ^  
zllog f 
from which R of a given ATP system can be determined by partitioning a series of proteins 
of known P. Once R is determined, the same system can be used to determine an unknown 
P relative to one of the reference proteins as 
G*) 
Therefore, ATP partitioning itself can be a method to determine surface hydrophobicity 
of proteins (Yano et al., 1994; Andrews et al., 2005). 
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Surface charge 
It is absolutely certain that the charge of proteins affects their partitioning in PEG-
dextran system with or without salt (Luther and Glatz, 1995; Fan and Glatz, 1999; Fan et al., 
1998). But charge of protein is not a significant factor (Franco et al, 1996b; Andrews et al., 
2005) for partitioning in PEG-salt systems. 
Bio-particles and nonprotein biopolymers 
As an initial separation method for recombinant protein, ATP systems have excellent 
tolerance to solids and nonprotein biopolymers (Rito and Lyddiatt, 2000). But particles or 
cell debris in the ATP systems potentially influences partitioning of proteins by changing 
equilibrium of the ATP systems (Rito and Cueto, 2000). On the other hand, the nonprotein 
components like DNA (Baijpai et al., 1995), fatty acids or lipids (Chen, 1992) from the host 
change the equilibrium of ATP systems and protein partitioning. 
Furthermore, in extraction and partition integrated processing, to ensure the extraction 
efficient of target proteins expressed intercellularly, cell breakage instruments need to be 
used (Su and Feng, 1999). 
Research Objectives 
The research objectives will be separated into three parts: 
Objective 1 is to obtain following information: 
1) The effect of ATP system parameters on corn native protein partitioning. 
2) The effect of extraction and partition integrated procedure. 
3) The major interactions that control proteins partitioning in PEG-salt systems. 
4) The potential recombinant proteins can be separated by ATP partition from the corn 
materials. 
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Objective 2 includes two subobjectives: 
1) Application of hydrophobic ATP partition in separating recombinant dog gastric lipase 
from corn endosperm. 
2) Comparison of ATP partitioning with cation exchange chromatography. 
Objective 3 includes two responsibilities 
1) Combining hydrophobic ATP partitioning with 2D electrophoresis to set up a analytical 
method for obtaining 3D properties i.e. isoelectric point (pi), size or molecular weight (MW), 
and hydrophobicity for a mixture of proteins 
2) To quantify the hydrophobicity, pi and MW of germ proteins by the 3D analytical method. 
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CHAPTER 2. AQUEOUS TWO-PHASE EXTRACTION 
FOR PROTEIN RECOVERY FROM CORN EXTRACTS 
A manuscript submitted to Journal of Chromatography B May 2006 
Zhengrong Gu and Charles E. Glatz 
Abstract 
Com has been used as an expression host for several recombinant proteins with 
potential for large-scale production. Cost-effective downstream initial recovery, separation 
and concentration remain a challenge. Aqueous two-phase (ATP) partitioning has been used 
to recover and concentrate proteins from fermentation broths and offers advantages for 
integration of those steps with biomass removal. 
To examine the applicability of ATP partitioning to recombinant protein purification 
from com endosperm and germ, ATP system parameters including PEG molecular weight 
(MW), phase-forming salt, tie line length (TLL), and pH were manipulated to control 
partitioning of extracted native proteins from each fraction. Moderate PEG MW, reduction of 
phase ratio, and added NaCl effected complete recovery of the hydrophobic model protein 
lysozyme in the top phase with ca. 5X enrichment and illustrates a favorable match of 
recombinant protein characteristics, expression host, and separation method. Furthermore, 
integration of protein extraction with the partitioning reduced the load of contaminating host 
proteins relative to the more traditional separate steps of extraction followed by partitioning. 
Performance of the integrated partitioning was hindered by endosperm solids loading, 
whereas for germ, which has ca. 35X higher aqueous soluble protein, the limit was protein 
solubility. 
For more hydrophilic model proteins (the model being cytochrome c), effective 
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separation required further reduction of PEG MW to effect more partitioning of host proteins 
to the top phase and enrichment of the model protein in the lower phase. The combination of 
PEG MW of 1450 with 8.5 wt% NaCl addition (N32864 as the phase-forming salt) provided 
for complete recovery of cytochrome c in the lower phase with enrichment of 9X (germ) and 
5X (endosperm). As a result of lower-phase recovery, the advantage of simultaneous 
removal of solids is lost. The lower solubility of native endosperm proteins results in higher 
purity for the same enrichment. 
Keywords: partitioning; aqueous two-phase; com; protein recovery; extraction 
1. Introduction 
Utilization of transgenic crops as expression hosts offers several distinct advantages 
over more widely-used bacterial hosts including ability to carry out post-translational 
modifications to produce active proteins, easier scale-up, and established production methods 
[1-3]. Furthermore, the ability to target recombinant proteins to specific storage organs or 
tissues (e.g. seeds and tubers) allows for prolonged stable storage and may reduce the number 
of contaminants in extracts [1, 4-6]. 
Com is preferred over other plant hosts due to its lower water-soluble protein content. 
Furthermore, specific target tissue expression will benefit the downstream purification 
process via the potential of initial milling and dry fractionation to reduce contaminants and 
enrich the target protein concentration. Proper choice of the targeted tissue will increase 
these benefits. For instance, if a protein is targeted to endosperm, protein extraction with a 
neutral salt buffer will leave nearly 80% of the native proteins in the residue. For germ, only 
30% of the native proteins would remain in the residue [6]. Furthermore, an endosperm 
extract would have much less oil than a germ-rich or whole kernel extract, which would also 
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simplify purification [6]. With targeted expression of ^-glucuronidase to germ, dry 
fractionation of the grain to eliminate the hull and much larger endosperm fractions produce 
a germ-rich fraction with nearly ten-fold higher ^-glucuronidase /solids ratio than would 
have resulted from whole corn [1] and easier purification for transgenic aprotinin and (3-
glucuronidase [7, 8]. 
Protein recovery from the starting material generally includes extraction, clarification, 
protein capture, purification, and polishing. The overall production cost is mainly determined 
by the efficiency of the initial capture and purification steps where feed volumes are large 
until biomass solids and oils are removed and the protein is concentrated [1,6]. Therefore, 
more efficient initial concentration and separation procedures need to be developed for 
recombinant protein recovery from transgenic com. 
An ATP system is formed when two water-soluble polymers, such as poly (ethylene 
glycol) (PEG) and dextran, or a polymer and a salt are dissolved in water beyond a critical 
concentration at which two immiscible phases form. Both phases can enhance protein 
stability [9], In addition, ATP partitioning can replace a number of steps involved in 
conventional downstream processing such as extraction, clarification, concentration, and 
intermediate purification. Furthermore, the ease of scale-up and suitability for continuous 
operation make PEG - salt ATP systems very suitable for large-scale application [10,11]. 
Of the multiple factors determining selectivity of ATP partitioning, protein surface 
hydrophobicity and hydrophobic differences between phases can be dominant, with two such 
examples being in PEG - containing systems [12, 13]. Furthermore, ATP systems with NaCl 
addition are more sensitive to protein surface hydrophobicity [13, 14]. In such systems, the 
surface hydrophobicity difference between target protein and host contaminants is crucial for 
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selective partitioning [14, 15]. This factor has been exploited by attaching hydrophobic 
fusions to improve the selectivity of partitioning [16]. 
ATP partitioning has been applied to plants to fractionate gluten from wheat [17], purify 
peroxidase from soy [18], and separate tobacco leaf proteins [19]. To develop a suitable 
ATP separation method for recombinant protein from com, the partitioning behavior of 
native com proteins from different tissues and the relation between protein partitioning and 
ATP system parameters need to be known. 
The effect of factors such as phase-forming salt, pH, tie-line length, phase ratio and 
sample loading for aqueous phase systems chosen to illustrate selectivity based on 
hydrophobicity differences will be discussed in this paper. Successful purification of a 
recombinant protein depends on behavior relative to the native host proteins. Lysozyme, 
ribonuclease A, and cytochrome c were chosen as a series of model proteins of decreasing 
hydrophobicity [20-22] to test performance over a range of potential recombinant protein 
characteristics. In addition, integration of extraction and partitioning was modeled by adding 
model proteins and com solids directly to the ATP system. 
1.1. Definition of parameters in A TP systems 
Tie line length (TLL) characterizes the compositional differences between the two phases: 
(1) 
a__ s~itop _ ^bottom a z~t __ s"1 top _ bott 
^ PEG ~ PEG CPEG > ~ ^ salt ^salt 
botto om (2) 
where cj is the concentration of component i in phase j. 
The partition coefficient (K) is the ratio of concentrations in each phase: 
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(~<top 
K  = _ i  ( 3 )  
i Ç2 bottom ^ ^ 
The extent to which an ATP system to separate target protein from host protein in a single 
stage is the selectivity (a): 
a=^[±- (4) 
Y 
host 
The purification factor (PF) for recovery in the product phase is defined as the ratio of 
product-phase specific activity (SA, as units/mass for enzymatic assays and mass/mass for the 
absorbance assay) to initial extract SA 
product 
PF = —— (5) 
initial 
In the case of extractive partitioning there was not an initial extract so we used the value of 
SA'm'ioi by extraction with the buffer in which the phase-forming solutes were 
dissolved. As a result, the PF will be the combined result of selective partitioning 
(determined by a) and selective extraction (determined by the ratio of host proteins extracted 
by buffer relative to APS). Defined in this manner, it provides a ready comparison of the 
overall benefits of extractive partitioning, but does assume no difference in the ability to 
extract the target protein. 
Phase ratio (0 ) is the relative volume of the two phases: 
V 
(6) 
^bottom 
where VJ is the volume of phase i. Total recovery (RT) of protein is defined as the ratio of 
protein i dissolved in top and bottom phases to the mass or corn solids added, M, : 
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C ^ x f ^ + C ^ x ^  
m; 
bottom (7) 
Yield (Y) of protein is defined as recovery in the product phase: 
product 
x Vproduct 
Yi - (8) 
2. Materials and methods 
2.7. Materials 
Yellow dent corn endosperm commercially degermed and milled to a particle size range 
from 0.33 to 0.85 mm was supplied by Lauhoff Grain Co. (Danville, IL), defatted corn germ 
milled to a particle size range from 0.03 to 0.15 mm was supplied by Prodi Gene Inc. 
(College Station, TX). PEG (MW 8000, 3350, 1450 and 600 Da), hen egg white lysozyme 
(L7001), porcine pancreatic ribonuclease A (R5500), equine heart cytochrome c (C7752), 
torula yeast ribonucleic acid VI (R6750), and Micrococcus lysodeikticus (M3770) were 
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Coomassie Plus® protein assay 
reagent kit was purchased from Pierce Biotechnology (Rockford, IL, USA). ACS Certified 
Grade salts, acids, and bases were from Fischer Scientific (Pittsburgh, PA, USA). 
2.2. Methods 
Phase diagrams for ATP systems used in this paper (Tables 1 and 2) have been reported 
[9, 23-27]. Compositions were chosen to give phase ratios of 1 (for no added NaCl) and 
approximately matching tie-line lengths (TLL) of selected values. TLL, a measure of phase 
difference has been correlated with partition coefficient [9, 23]. Three procedures were used 
to prepare the ATP systems: (1) clarified extract partitioning: mixing clarified extract, PEG 
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stock solution, salt stock solution or solid salt; (2) unclarified extract partitioning: mixing 
unclarifïed extract, PEG stock solution, sait stock solution or solid salt; (3) integrated 
procedure: com solids added directly to preformed ATP system for integration of extraction 
and partitioning. 
Table 1 Compositions of ATP systems for partitioning of host proteins 
ATP system3 PEG
0 
(wt%) 
Salt0 
(wt%) TLLD Experiments
6 
PEG 8000 - phosphate, short TLL 13.2 10.3 25 EP + UE + NaCl 
PEG 8000 - phosphate, long TLL 22.5 12 48 
PEG 3350 - phosphate, short TLL 10.6 10.7 18 EP + UE + NaCl 
PEG 8000 - Na2S04, short TLL 13.1 8.1 26 
PEG 8000 - Na2S04, long TLL 21.4 11.7 44 
PEG 3350 - Na2S04, medium TLL 15.7 8.9 32 
PEG 8000 - Na2C03, short TLLB 13.2 5.3 26 
PEG 8000 - Na2C03, long TLL B 24.1 9.1 51 
PEG3350 - Na2C03, medium TLÛ 19.1 9.4 38 
PEG 8000 - (NH4)2S04, short TLL 18.2 11.1 39 EP + NaCl 
PEG 8000 - (NH4)2SQ4, long TLL 27.6 17 63 
PEG 3350 - (NH4)2S04, short TLL 18.2 12.3 38 EP + NaCl 
PEG 8000 - MgSQ4, short TLL 14.5 8.1 23 
PEG 8000 - MgS04, long TLL 19.7 9.2 40 
PEG 3350 - MgS04, short TLL 15.1 7.6 22 
PEG 8000 - sodium citrate, short TLL 10 12.6 22 
PEG 8000 - sodium citrate, long TLL 14 14.1 32 
PEG 3350 - sodium citrate, short TLL 10 10.6 18 
a All ATP systems were prepared with 50 mM sodium phosphate buffer at pH 7. 
bpH 9; all others at pH 7. 
c <D is 1 for all systems without NaCl addition. 
D TLL is the calculated from the equilibrium composition without NaCl addition 
e Clarified extract partitioning was tested in all ATP systems. Other cases were done only for systems 
noted. EP: extractive partitioning, UE: unclarified extract, NaCl : NaCl addition. 
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Table 2 Composition and phase ratio of ATP systems used for partitioning of model proteins by 
extractive partitioning. 
Composition3 NaCl Model proteins 
ATP components3 wt% wt% Phase ratio (0) 
PEG 3350 
Na2S04 
15.7 
8.9 
0 
4.5 
1 
0.71 
Lysozyme 
Ribonuclease A 
TLÛ = 32% 8.5 0.71 Cytochrome c 
PEG 1450 
Na2S04 
16.3 
13.5 
TLL = 31% 
0 
4.5 
8.5 
1 
0.67 
0.67 Cytochrome c 
PEG 600 
Na2S04 
17.7 
15.5 
TLL = 33% 
0 
4.5 
8.5 
1 
0.71 
0.71 
3 All ATP systems were prepared with 50 mM sodium phosphate buffer at pH 7. 
B TLL are for systems without added NaCl. 
2.2.1. Preparation of extracts and stock solutions 
Corn endosperm or germ solids were added by weight to 50 mM sodium phosphate at 
the desired pH (pH 4, 7, or 9) at a level of 10 g solids/50 ml buffer. The slurry was stirred 
for 1 h by magnetic stir bar and pH was controlled by adding 1 M NaOH or 1 M HC1. To 
prepare clarified extracts, the slurry was centrifuged (3000 g, 22 °C, 30 min), decanted and 
the supernatant filtered through a 0.45 |im jxStar cellulose acetate syringe filter (Costar Corp., 
Corning NY). Unclarified extracts were prepared only at pH 7. 
Phosphate stock solution (40 wt%, pH 7)) for the ATP system was prepared by 
combining sodium mono- and potassium dibasic phosphate (1:1.17 weight ratio) in deionized 
water. The mixed cations were required because of solubility limitations of the respective 
phosphate salts. Where pH was varied, the phosphate stock solution was prepared by titrating 
30 wt% phosphoric acid with 10 M potassium hydroxide solution to the appropriate pH. On 
dilution into the final ATP system, the wt% PO4 was held constant rather than wt% salt (See 
Table 3). Other salt stock solutions (ca. 25 wt% depending on solubility) and PEG stock 
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solutions (50 wt%) were prepared by dissolving the required amount of solute in 50 mM 
sodium phosphate, pH 7 buffer. 
Table 3 Salt content and phase ratio of equilibrium PEG-KnH3„nP04 systems of constant [P04] 
ATP system PH [Salt ]/wt% Phase ratio3 
PEG 8000 (13 wt%) -
potassium phosphate 
(P04 8 wt%) 
4 
6 
8 
9 
9.7 
10.9 
11.5 
12.6 
1 
0.86 
0.55 
0.47 
PEG 3350 (12 wt%) -
potassium phosphate 
(PO4 9 wt%) 
4 
6 
8 
9 
11 
12.3 
12.9 
14.2 
1 
0.89 
0.47 
0.47 
a Addition of corn extracts caused no significant differences in phase ratios. 
Lysozyme was dissolved in 66 mM potassium phosphate, pH 6.24 while ribonuclease A 
and cytochrome c were dissolved in water and buffer (40 mM tris-cacodylate with 10 pM 
EDTA, pH 6.0), respectively, as recommended by the supplier, to prepare 5 mg protein/ml 
stock solutions. Literature values of the surface hydrophobicities of the two model proteins 
and lysozyme are shown in Table 4 along with values obtained in the current study. Level of 
addition of the model proteins to the germ and endosperm extracts was chosen such that the 
concentration could be accurately assayed and at the same time to correspond to the range of 
expression levels that have been reported for transgenic corn and are felt to be economically 
viable. The latter levels are 1-10% of soluble proteins [28, 29]. The levels used here were 
1.5 mg/g germ (2.5% of soluble proteins) and 0.15 mg/g endosperm (9% of soluble proteins). 
With the 10X higher levels of endosperm added to the ATP system, this resulted in the same 
model protein levels/g ATP system, providing for matching assay accuracy. 
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Table 4 Surface hydrophobicities of model proteins and their partitioning in different ATP 
systems. 
Model protein MW Da Pi HSF
a Log(# 
Log (AT 
PEG 3350-Na2S04 
4.5% NaCl 8.5% NaCl 
Cytochrome c 12400 9.6 -100 -0.658 -1.33 -1.84 
Ribonuclease A 13700 9.6 -60 -0.108 -0.72 -0.13 
Lysozyme 14300 10.3 -20 0.218 2.11 2.25 
a surface hydrophobicity scale based on the logarithm of the partition coefficient of protein in the 
PEG - dextran systems [20]. 
b Partitioning in EOPO - dextran system [21]. 
0 Partitioning in this work. 
2.2.2. Partitioning 
Clarified endosperm extracts were partitioned in each of the ATP systems of Table 1, 
while clarified germ extracts were partitioned in all PEG - salt systems listed by Table 1. In 
addition, at pH 7 only, unclarified extract was partitioned in the PEG 3350 - and short TLL 
PEG 8000 -phosphate system and the integrated extraction/partitioning was carried out in the 
PEG 3350 - and short TLL PEG 8000 - phosphate and PEG 8000 - (NH^SC^ systems. The 
latter experiments were done with several levels of NaCl addition. The sample loadings were 
0.1 g endosperm or 0.01 g germ solids for the integrated procedure, while the clarified and 
unclarified extracts (prepared at 1:5 w/v solid :buffer ratios) were added in volumes 
corresponding to initial solids equivalent to those added in the integrated procedure. The 
integrated procedure with added lysozyme was carried out in PEG 3350 - Na^SC^ systems, 
examining the effects of NaCl addition, phase ratio and sample loading, while further 
reductions in PEG MW (Table 2 ) were used for cytochrome c. Na^SC^ was the final choice 
as sulfate salt because it has been reported that lysozyme recovery is poor with (NEL^SC^ 
[19]. 
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ATP aliquots (1.5 g) were prepared by combining appropriate stocks of phase 
components, extracts or corn solids (germ 0.01 g/g ATP aliquots or endosperm 0.1 g/g ATP 
aliquots), any added NaCl and diluted to final mass with extraction buffer. For the integrated 
procedure and unclarified extracts, the mass of com solids was not counted toward the 1.5 g 
total mass. 
The mixtures were thoroughly mixed by vortexing for 30 seconds, equilibrated at room 
temperature (22°C) for 1 hour with mixing by tumbling, and centrifuged (3000 g, 22°C, 20 
min), to expedite the phase separation. After recording the volume of each phase (with 
added NaCl the phase ratio changed from the value of one without NaCl), the top phase was 
carefully removed by transfer pipette and the bottom phase by piercing the centrifuge tube 
with a syringe; the region near the interface and the solids layer in tube bottom was left in the 
tube to avoid contamination of the phase samples. The total protein and model protein 
concentrations in samples from each phase were measured as described below. 
For the model protein-spiked samples, 50 ml of ATP systems were prepared in bulk and 
the two phases were separated for later recombination in the partitioning experiments. 
Except for a series of varying phase ratio experiments, the recombination was in the ratio 
resulting from the bulk preparation. The individual phases were combined with the com 
solids (germ 0.01 g/g ATP aliquots or endosperm 0.1g/g ATP aliquots) and model protein 
stock (providing 22.5 j_ig lysozyme) to prepare 1.5 g aliquots for partitioning. 
2.2.3. Assay methods 
Protein concentration was determined by Coomassie Plus® protein assay reagent kit 
(Pierce Rockford, IL), using bovine serum albumin (BSA) as standard. The appropriate blank 
aqueous system phase was employed to correct for minor interference from salt and PEG. 
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The activity assays for lysozyme followed the standard protocol for enzymatic assay of 
lysozyme from Sigma-Aldrich [30]; activity assays for ribonuclease A followed the standard 
protocol for enzymatic assay of ribonuclease A from Sigma-Aldrich [31]; cytochrome c 
concentration was determined by absorbance at 410 nm using an extinction coefficient of 8.0 
ml/mg/cm [32]. Assay blanks for all model protein assays were phases from integrated 
partitioning of corn solids with no added lysozyme. All partitioning experiments were 
replicated three times and each replicate was assayed twice. 
3. Results and discussion 
3.1. Native corn protein partitioning 
3.1.1. Protein extraction from corn endosperm and corn germ 
Fig.l shows that the extraction of total proteins (mg protein/g solids) from both germ 
and endosperm increases as pH increases from 4 to 9. Initially this is the result of moving 
away from the overall isoelectric point [33] and eventually to greater release of the glutelins 
fraction [6], Furthermore, the amount of protein extracted from germ was much higher than 
from endosperm. Hence, when corn will be used for recombinant protein production, a 
recombinant protein stable at low pH (pH 4) could be more easily purified because the level 
of contaminating protein was relatively low. Further, expression in endosperm avoids most 
soluble host proteins - a clear advantage assuming similar expression levels can be achieved 
with this targeting. 
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Fig. 1. pH dependence of protein extraction. For germ, the y axis is 1/10 of the actual values. 
Numbers above the bars were the actual values. Conditions: 1 g solids: 5 ml buffer (50 mM sodium 
phosphate). The error bars represent the 95% confidence intervals. 
3.1.2. Partitioning of native corn proteins in ATP systems. 
The partitioning of extracted native protein from endosperm and germ was carried out 
for each of the ATP systems in Table 1. The results (Fig. 2 a-b) show that (1) for similar 
TLL, K increases as PEG MW decreases, as is generally observed in ATP systems [9, 23], 
(2) K depends on the choice of salt, (3) K of corn proteins was generally below 1 for 
endosperm and still lower for germ fractions, and (4) TLL was not a significant factor for K 
except for endosperm protein in the NaiSd, system. 
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Fig. 2. Partition coefficient of total corn proteins. ATP systems were those listed in Table 1. (a) 
endosperm protein extracted at pH 7, 50 mM phosphate buffer; loading: 125 (ig protein/g ATP 
aliquots; (b) germ protein extracted at pH 7, 50 mM phosphate buffer; loading: 125 (xg protein/g ATP 
aliquots. The error bars represent the 95% confidence intervals. 
It is generally desirable to recover the target protein in the top phase, which is particle-
free and better for protein stability; recovery in the bottom salt phase also requires desalting 
if followed by an ion exchange step. Therefore, systems with low K for the native proteins 
were explored further on the assumption that these would be well-matched to a class of 
recombinant proteins partitioning more strongly to the upper phase in these systems. This 
36 
consideration favors the PEG 8000 - salt systems, though, as will be seen, target protein 
behavior may still favor lower MW. Of these, the PEG - NaaCOg was not favored because its 
higher pH (=9) may destabilize some proteins. Of the remaining systems, PEG - (NH^SO 
and PEG - phosphate were chosen to investigate the integrated procedure and manipulation 
of selectivity via NaCl addition. Furthermore, because TLL was not significant factor in 
these two systems, only ATP systems with the short TLL were used. 
One other potential tool to manipulate partitioning, pH [34, 35], was examined for the 
PEG- phosphate system. The results (Fig. 3) indicated that the native endosperm proteins 
partition more to the top phase at basic pH. The MW of PEG also affected the partitioning of 
endosperm protein more significantly at basic pH, though the apparent MW dependence was 
confounded with the other changes occurring in parallel, namely the need for higher salt 
content (Table 3) resulting from titration of the phosphate to higher pH. Earlier studies of 
such pH effects [34, 35] held wt% salt constant, adjusted pH with addition of phosphoric 
acid, or were not specific as what wt% referred to and as a result reported different effects of 
pH on phase ratios. Here, wt% PO4 was held constant (by adding the P04 as phosphoric acid 
and then titrating with base to the desired pH) and salt wt% and phase ratio both changed 
with pH (Table 3). Hence, the change in partitioning may have resulted either from change 
in protein charge with pH or from change in the phase system/TLL (evidenced by phase ratio 
and salt concentration changing along with pH) or from a combination of both. 
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Fig. 3. pH dependence of endosperm protein partitioning. PEG - potassium phosphate systems listed 
in Table 4; endosperm protein extracted at pH 7; loading: 106 fig protein/g ATP aliquots. The error 
bars represent the 95% confidence intervals. 
3.1.3. Extractive partitioning 
For endosperm, K was lower for the integrated procedure than for using clarified 
extracts (Table 5 and 6). The pattern was similar for germ but the difference was less. There 
were two likely reasons for the difference: 1) the mix (rather than the total as Tables 5 and 6 
show that the amount of soluble protein was roughly the same for all procedures with a given 
solids fraction) of extracted native proteins was different for the two procedures; 2) the 
presence of corn solids influences partitioning as reported for other biosolids [36-37], To 
examine the isolated influence of solids on partitioning, unclarified extracts were also 
partitioned (Table 5). K of endosperm protein with solids was significantly less than for 
clarified extracts and marginally higher than for the integrated procedure; however, the 
presence of germ solids had insignificant effect. Since the solids loading with germ was ten­
fold lower, any solids influence would be lower; hence, the endosperm result indicates that 
PEG 3350 
PEG 8000 
A 
? f ï 
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the presence of solids was probably a factor affecting protein partitioning that would add to 
any effect of what proteins were extracted. Table 5 (and Table 6) also indicates the location 
of solids. With endosperm and its extracts, no precipitation of protein was observed and the 
solids settled to the bottom. With germ extract, protein concentration was higher and a white 
(protein) precipitate appeared at the interface. With extractive partitioning of germ solids, 
yellow solids settled to the tube bottom and the fine material that appeared at the interface 
was light yellow indicating a mix of precipitate and finer germ solids. 
In the PEG - sulfate system (Table 6), for endosperm the amount of extracted protein 
was ca. 30% less in the integrated procedure, while for germ it was ca. 50% less. Therefore, 
the lower K's in the integrated procedure could have resulted from either lower protein 
concentration (although these were still in the range that independence could be expected 
[38]) or different protein composition. The lower level of extracted proteins in the integrated 
procedure would result in less contamination in extracts of recombinant proteins whose 
solubility was not limited by the phase components. 
3.1.4. NaCl addition in extractive partitioning 
To realize the advantages of keeping solids and native proteins in the lower phase, it is 
necessary to direct the target protein to the upper phase. NaCl addition has been used to 
enhance selectivity for PEG - phosphate, PEG - sulfate and PEG - citrate systems [9, 19, 24]. 
But NaCl addition often changes target and contaminant protein partitioning in the same 
direction [19]. Therefore, to evaluate NaCl addition's effect on selectivity, its effect on 
native protein partitioning was characterized. For the integrated procedure, the K of 
endosperm protein increased from 0.1 at no NaCl addition to around 9 in PEG 8000 -
(NH^SC^ with 10 wt% NaCl addition (Fig. 4) while the increase was lower in PEG -
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phosphate systems. K of germ protein also increased but was still less than K of endosperm 
protein and below or around one in all ATP systems studied (Fig. 4). The extracted corn 
native protein decreased with NaCl addition for all systems (Fig. 5), an advantage only if the 
targeted protein can still be extracted at high salt. 
Table 5 Host protein partitioning in PEG-phosphatea 
PEG Corn fraction Procedure K RT
b (pg/g 
aliquots) 
Soluble 
protein Comments 
MW loading
0 
(Mg/g 
aliquots) 
Precipitation at Location of 
interface corn solids 
Clarified 0.35±0.07d 165±6d 170 Yes' -
Endosperm Unclarified 0.2±0.05 163±5 170 Yes0 bottom 
8000 Integrated 0.15±0.05 162±7 - Yes' bottom Clarified 0.11±0.03 620±44 620 Yes' -
Germ Unclarified 0.08±0.03 650±98 620 Light brownf bottom 
Integrated 0.07±0.03 550±48 - Light brownf bottom 
Clarified 0.44±0.1 155±15 170 Yes' -
Endosperm Unclarified 0.32±0.07 155±11 170 Yes' bottom 
3350 Integrated 0.15±0.03 157=1=36 - Yes' bottom Clarified 0.16±0.02 595±46 620 Yes' -
Germ Unclarified 0.15±0.03 580±58 620 Light brownf bottom 
Integrated 0.13±0.02 557±45 - Light brownf bottom 
a ATP systems were PEG - phosphate ATP systems at pH 7 (Table 1, short TLL). Sample loading 
were 0.1 g endosperm or 0.01 g germ/g ATP system for the two solids-containing procedures and 
clarified extract from the same amount of solids for the clarified procedure. 
b The total protein recovered in two phases was calculated from measured concentrations and volumes 
of the two phases. For the unclarified and integrated procedures, the accuracy was limited because 
particles at the interface and tube bottom make the accurate volume determination difficult. For all 
systems, protein that may have precipitated at the interface was not accounted for. 
c For the two-step procedures, protein loading was calculated from the protein concentration of 
clarified extract and the volume of that extract (with or without solids) added to the system. 
d ± ranges represent the 95% confidence intervals. 
e White precipitate of low protein content 
f Mix of precipitate and fine germ particles. 
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Table 6 Host protein partitioning in PEG-sulfatea 
Corn 
fraction Procedure K 
Rt (Mg/g 
aliquots) 
Soluble 
protein 
loading0 
(Mg/g 
aliquots) 
Comments 
Precipitation 
at interface 
Location of 
corn solids 
Endosperm Clarified 0.39±0.07
d 153±lld 170 Yes" -
Integrated 0.11=1=0.05 1004=6 - Yes' bottom 
Germ Clarified 0.16±0.02 610±54 620 Yes' -Integrated 0.12±0.01 306±70 
-
Light brownf bottom 
a ATP systems were PEG 8000 - (NH4) 2S04 system at pH 7 (Table 1, short TLL). Sample loading 
were 0.1 g endosperm or 0.01 g germ/g ATP system for the solids-containing integrated procedure 
and clarified extract from the same amount of solids for the clarified procedure. 
b The total protein recovered in two phases was calculated from measured concentrations and volumes 
of the two phases. For the integrated procedures, the accuracy was limited because particles at the 
interface and tube bottom make the accurate volume determination difficult. For all systems, protein 
that may have precipitated at the interface was not accounted for. 
0 For the two-step procedures, protein loading was calculated from the protein concentration of 
clarified extract and the volume of that extract (with or without solids) added to the system. 
d ± ranges represent the 95% confidence intervals. 
e White precipitate of low protein content 
fMix of precipitate and fine germ particles. 
3.2. Model protein purification from corn extracts 
Based on the above results and preliminary results (not shown) that favored PEG MW 
of 3350 for lysozyme partitioning, the PEG 3350 - NazSC^ was chosen to apply the ATP 
principles to purification of the series of three model proteins in integrated partitioning. The 
three model proteins were then reduced to two cases - purification of lysozyme in the upper 
phase and purification of cytochrome c in the lower phase. 
Preliminary results (not shown) showed little effect of pH on selectivity for lysozyme in 
extractive partitioning of lysozyme-spiked germ as changes in K for native proteins and 
lysozyme were all small. However, NaCl addition influenced the partitioning of the model 
proteins in proportion to their relative hydrophobicity (Fig. 6), Data in Fig. 6 for partitioning 
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of the three model proteins are averages of the K values obtained from germ and endosperm 
extracts, as the values were not significantly different (individual results are available in the 
supplementary material). Fig. 6 offers the best perspective for selecting conditions under 
which proteins can be recovered in a desired phase phase from corn or germ extracts. 
Ribonuclease A behavior likely was too similar to that of host proteins to allow good 
separation. Lysozyme and cytochrome c each have the potential for selective recovery, 
though to different phases. The results for lysozyme and cytochrome c will be discussed 
separately at greater length because of the disparate requirements of targeting partitioning to 
opposite phases. 
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Fig. 4. Salt dependence of partition coefficients of total corn fraction proteins in extractive 
partitioning. Filled symbols: 0.10 g endosperm/g ATP aliquots; open symbols: 0.01 g germ/g ATP 
aliquots. (a) PEG 8000 (18.2%) - (NK&SO, (11.1%) at pH 7 (b) PEG 3350 (10.6%) - phosphate 
(10.7%) at pH 7; (c) PEG 8000 (13.2%) - phosphate (10.3%) at pH 7. The error bars represent the 
95% confidence intervals. 
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Fig. 5. Salt dependence of total corn fraction protein extraction in extractive partitioning. ATP 
systems were PEG 8000 (18.2%) - (NH^SC^ (11.1%), PEG 3350 (10.6%) - phosphate (10.7%) and 
PEG 8000 (13.2%) - phosphate (10.3%) at pH 7. (a) 0.10 g endosperm/g ATP system; (b) 0.01 g 
germ/g ATP system. The error bars represent the 95% confidence intervals. 
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Fig. 6. Effect of NaCl addition on partition coefficients of proteins in PEG 3350 (15.7%)- Na2SC>4 
(8.9%) systems in extractive partitioning at pH 7. 0.10 g endosperm or 0.01 g germ combined with 15 
jug model protein/g ATP system. K of model proteins were averages of the separate values from 
endosperm and germ as there was no significant difference in the values (see supplementary 
information for individual values). K of corn proteins were the values from experiments without 
model proteins added. The error bars represent the 95% confidence intervals. 
3.2.1. Lysozyme 
3.2.1.1. NaCl Addition 
The K of lysozyme increased from 0.37 to above 100 (i.e. below the detectable limit in 
the lower phase after which calculated PF were based on using the detectable limit as the 
lower-phase concentration) with 4.5 wt% NaCl addition, whereas K of corn germ and 
endosperm proteins only increased about two-fold (Fig. 6). Because lysozyme partitioned 
totally to the top phase at 4.5 wt% NaCl, more NaCl addition only pushed more corn protein 
to the top phase and decreased the purification factor (Table 7). Where complete lysozyme 
activity was not in the top phase, the remainder was accounted for in the lower phase. In 
addition, the purification factor of lysozyme from germ was higher than from endosperm due 
to the lower partitioning of germ proteins to the top phase. 
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Table 7 Effect of NaCl addition on lysozyme purification from corn proteins by extractive 
partitioning3. 
Corn fraction [NaCl] (wt%) <D PF TP (%)" 
a lysozyme 
(%) 
y bottom 
lysozyme 
(%) 
Endosperm 0.00 1 2.52±0.23° 11±2C 1.61±0.2C 28±2= 69±3° 
Endosperm 4.50 0.71 4.80±0.96 23±5 151±33 108±5 <DLd 
Endosperm 8.50 0.71 3.48±0.50 30±5 140±14 105±5 <DLd 
Germ 0.00 1 3.37±0.55 8±2 3.04±0.49 27±6 76±8 
Germ 4.50 0.71 8.43±0.60 13±1 627±45 109±6 <DLd 
Germ 8.50 0.71 4.63±0.73 23±3 221±37 103±5 <DLd 
a PEG 3350 (15.7%) - Na2S04 (8.9%) phase system with added NaCl. Solids loading of 0.10 g 
endosperm or 0.01 g germ combined with 15 |xg lysozyme/g ATP system. 
b Corn protein yield based on assuming that the protein available from the solids was the protein that 
would be extracted by 50 mM phosphate buffer at pH 7 with solid: buffer ratio of 1 g: 5 ml and that 
the amount recovered was that resulting from complete recovery of the top phase. 
0 ± ranges represent the 95% confidence intervals. 
d Lysozyme activity below the detectable limit (DL); PF based on the DL of 10 unit/ml. 
3.2.1.2 Phase ratio 
Having fixed the nature of top and bottom phases to provide favorable selectivity, 
product recovery and overall purification factor can still be manipulated by controlling the 
relative volumes of top and bottom phases (i.e. phase ratio). In principle, selectivity relative 
to individual proteins should not change; however, here we were looking at selectivity 
relative to a mixture of native proteins where changes in phase ratio can lead to nonuniform 
losses from precipitation at the interface so that the apparent K of native proteins and 
selectivity would also change. The integrated partitioning results of lysozyme with com 
solids in PEG 3350 - Na2SC>4 with 4.5 wt% NaCl at different phase ratios (0.71, 0.44 and 
0.15) are shown in Figs. 7. The K (Fig. 7a) of native corn proteins decreased with increase in 
phase ratio, but, in terms of top phase impurities, host proteins decreased at the lower phase 
ratio because of the combination of less protein being extracted and the smaller volume of 
the top phase. Since lysozyme essentially partitioned completely to the top phase for all 
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phase ratios, the net result was that the purification factor (Fig. 7b) and the concentration 
(Fig. 7c) of lysozyme in the top phase increased linearly when phase ratio decreased from 
0.71 to 0.15, while maintaining complete recovery. 
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Fig. 7. Phase ratio influence on lysozyme purification and partitioning of corn fraction proteins in 
extractive partitioning, (a) corn protein partitioning; (b) purification factor; (c) lysozyme 
concentration in top phase. PEG 3350 - NazSC^ phase system with 4.5 wt% NaCl as in Table 2. 0.10 
g endosperm or 0.01 g germ solids combined with 15 gg lysozyme/g ATP system. The corn solids did 
not change the phase ratio of the ATP systems. The error bars represent the 95% confidence intervals. 
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3.2.1.3. Sample loading 
To consider processing capacity for lysozyme purification by ATPS, sample loading 
(maintaining 15 gg lysozyme to 0.1 g added endosperm (or 0.01 g added germ)) was also 
examined (Table 8). The endosperm loading experiments were only carried out at IX and 2X 
loading due to the volume capacity of ATP systems for corn solids. The germ loading 
experiments were carried from 1-15X. K of endosperm protein increased slightly from IX to 
2X; K of germ protein only increased slightly at 5X. Lysozyme partitioned totally to the top 
phase for all sample loadings (except for 15X germ where it remained absent from the 
bottom phase but was not completely accounted for in the top phase; the same occurred for a 
pure lysozyme control). The extracted corn protein decreased slightly with sample loading. 
Purification factor only changed marginally with sample loading, increasing for endosperm 
and for germ samples until 10X loading and then decreasing because of the lysozyme loss. 
Table 8 Effect of sample loading on lysozyme purification" 
Loading^ K com protein y^(%y PF ytoP (o/yi lysozyme v ' 
IX endosperm 0.47±0.15e 23±5e 4.8 ±0.96" 108±5* 
2X endosperm 0.62±0.05 22±1 4.48 ±0.35 103±7 
IX germ 0.29±0.04 13±1 8.43±0.60 109±6 
5X germ 0.36±0.01 12±1 7.80±0.59 99±5 
10X germ 0.25±0.01 9±1 10.22±0.73 98±7 
15X germ 0.24±0.03 9±1 7.06±0.55 64±5 
a Extractive partitioning of lysozyme and corn fraction proteins in the PEG 3350 (15.7%) - Na2S04 
(8.9%) phase system with 4.5 wt% NaCl. 
blX sample loading: 0.10 g endosperm or 0.01 g germ solids combined with 15 pg lysozyme/g ATP 
system. 
0 Corn protein yield based on assuming that the protein available from the solids was the protein that 
would be extracted by 50 mM phosphate buffer at pH 7 with solid: buffer ratio of 1 g: 5 ml and that 
the amount recovered was that resulting from complete recovery of the top phase. 
d As there was no detectable lysozyme activity in the bottom phase, values <100% indicate 
inactivation or precipitation. 
e ± ranges represent the 95% confidence intervals. 
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3.2.2. Cytochrome c 
Fig.6 shows that K for lysozyme, germ proteins, endosperm proteins, and ribonuclease 
A increased with NaCl addition. In contrast, K for cytochrome c decreased (though to a 
statistically insignificant degree) with NaCl addition. Furthermore, K for endosperm proteins 
was higher than germ proteins, and the difference among K's for different proteins increased 
with NaCl addition. The hydrophobic resolution (which is the ability of the system to 
discriminate between proteins with different hydrophobicities) of PEG 3350 - Na^SG^ ATP 
system used here can be compared (Table 4) with previously reported systems, showing that 
this system was similar to PEG - dextran ATP system [20] and more discriminating (wider 
range of K-values) than EOPO - dextran ATP system [21]. The extent of discrimination 
corresponds to the spread of the published rankings of hydrophobicity of phase-forming 
components [9, 23]. With the hydrophilicity of cytochrome c offering the opportunity for 
lower phase recovery, PEG MW effects were examined further for the potential to reduce 
native protein contamination in the lower phase. 
3.2.2.1. PEG MW 
Fig. 8 shows the extent to which host proteins can be moved to the upper phase by 
reduction of PEG MW. The salt effects in this same figure indicate that there was little 
further difference in corn fraction behavior resulting from the hydrophobic resolution 
increase of added salt. For both corn-solid fractions, reduction of PEG MW and increase in 
NaCl had the desired effect of directing a higher fraction of the native proteins to the upper 
phase. From the perspective of total amount of native proteins extracted, lowering PEG MW 
decreased extraction of germ proteins, but it did increase the amount of endosperm protein 
(Fig. 9). This opposite trend was likely the result of the offsetting effect of lower salt content 
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(Table 2) of the phase systems with higher PEG MW with the balance of the two effects 
differing for endosperm and germ extract proteins. This was evident in looking at the 
amount of protein extracted into the individual phases (Fig. 9) where germ protein 
concentration in the salt phase was noticeably higher for the higher MW while endosperm 
proteins were relatively unaffected. The somewhat higher levels of extracted endosperm 
proteins at lower MW remained low relative to the ca. 30-fold higher levels of extracted 
germ protein. 
2.0 i 
1.5 -
| 1.0 
2 
: % 
o 
o 
% 0.0 
o> 
° -.5 
-1.0 -
ï  
• f 
O 
A % 
A 
A 
A 0% NaCl 
• 4.5% NaCl 
O 8.5% NaCl 
o 
JH 
0 500 1000 1500 2000 2500 3000 3500 
PEG MW 
Fig. 8. PEG MW and NaCl addition influences on partition coefficients of native proteins in 
extractive partitioning. Filled symbols: 0.10 g endosperm combined with 15 |xg cytochrome/g ATP 
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Fig. 9. PEG MW and NaCl addition influence on com protein extraction in extractive partitioning. 
For comparison, recovery values for extraction with pH 7 buffer (Fig. 1) werel .7 mg/g for endosperm 
(a) and 62 mg/g for germ (b). The compositions of ATP system werelisted in Table 2. Filled (gray) 
symbols: two phases, filled (black) symbols: bottom phase only, open symbols: top phase only, (a) 
0.10 g endosperm combined with 15 gg cytochrome c/g ATP system; (b) 0.01 g germ combined with 
15 |xg cytochrome c/g ATP system. Plots were displaced slightly on MW axis for clarity. The error 
bars represent the 95% confidence intervals. 
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The simultaneous effects of these ATP system influences on ribonuclease A and 
cytochrome c purification in the bottom phase is seen Fig. 10 for PEG 3350. While modest 
purification occurs even at low salt for ribonuclease A, the response of cytochrome c to NaCl 
addition makes the high salt addition system effective, particularly for endosperm. For 
cytochrome c the additional benefits of PEG MW reduction on yield and purification are 
shown in Table 9 and Fig. 11. With the exception of the PEG 600 with 8.5 wt% NaCl, there 
was consistently good recovery and better enrichment in the lower phase in the higher salt, 
lower PEG MW systems. While this was equally true for germ and endosperm, both as 
regards trends and average values, purity would be higher for endosperm for comparable 
expression levels because of the lower levels of extractable proteins from endosperm. The 
anomalous result for PEG 600 with 8.5 wt% NaCl addition can be attributed to the overall 
cytochrome c losses of 76% and 37% for endosperm and germ, respectively (Table 9). These 
losses were attributed to precipitation at the high NaCl/Na^SG^ levels in the PEG 600 system. 
Because of this loss, the optimal conditions were PEG 1450 with 8.5 wt% NaCl addition, 
where PF = 4.7 with Y = 93% and PF = 9.1 with Y = 100% for recovery from endosperm and 
germ extracts, respectively. Cytochrome c loss and the high variability of that loss at 8.5 
wt% NaCl/PEG 600 also leads to the higher variability in purification factors seen in Fig. 11. 
The drawback to such lower phase recovery with the integration of extraction and 
partitioning is that solids removal requires a separate step; however, there is an advantage in 
reduced need for PEG removal [39]. 
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Table 9 Effect of PEG MW, NaCl addition and corn fraction on partition coefficient and yield 
of cytochrome c in extractive partitioning3 
Corn fraction PEG MW 
[NaCl] 
wt% K-cyt 
ybottom ,0/\ 
cyt ° 
Mass balance^ of 
cytochrome c (%) 
0 0.17 ±0.1° 93±2° 110±13c 
600 4.5 0.32 ±0.27 96±5 117±23 
8.5 7.51±6.7 4±1 24±18 
0 0.04 ±0.04 99±4 103±6 
Endosperm 1450 4.5 
8.5 
0.04 ±0.01 
0.04±0.01 
102±6 
93±2 
105±6 
96±2 
0 0.03±0.01 102±8 106±8 
3350 4.5 0.04±0.01 99±5 102±5 
8.5 0.02±0.01 100±7 101±8 
0 0.23±0.03 87±8 108±9 
600 4.5 0.36±0.3 87±13 109±7 
8.5 0.7±0.66 42±26 63±29 
0 0.27±0.05 83±14 106±15 
Germ 1450 4.5 0.06±0.01 114±9 119±16 
8.5 0.03±0.01 116±37 119±37 
0 0.04±0.01 88±2 91±2 
3350 4.5 0.06 ±0.03 83±8 86±7 
8.5 0.01±0.01 103±34 104±34 
a ATP systems were PEG - Na2S04 systems listed in Table 2. Solids loading of 0.10 g endosperm or 
0.01 germ combined with 15 jxg cytochrome c/g ATP system 
b % of cytochrome c accounted for in two phases. 
0 ± ranges represent the 95% confidence intervals. 
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Fig. 10. NaCl addition influences on purification factors in the bottom phase of cytochrome c and 
ribonuclease A after extractive partitioning. ATP systems listed in Table 2. Filled bars: 0.10 g 
endosperm/g ATP system; open bars: 0.01 g germ/g ATP system. RN: ribonuclease A; CC: 
cytochrome c. The error bars represent the 95% confidence intervals. 
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cytochrome c after extractive partitioning. ATP systems listed in Table 2. Filled symbols: 0.10 g 
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4. Conclusion 
For purification of a recombinant (target) protein from corn, the purity achieved will 
depend on the properties of that protein, but also on the amount of native proteins in the 
extract and the native protein partitioning behavior. The amount of protein extracted from 
endosperm was much less than that from germ; in both cases the amount of extracted protein 
increased with pH. Assuming similar levels of expression of recombinant protein, this 
provides an initial advantage to targeting to endosperm or having a protein with high 
solubility at low pH if targeted to germ. Partitioning behavior is the result of interaction of 
the proteins with phase system components, in this case chosen to separate chiefly on the 
basis of hydrophobicity differences. Extracted com protein favored the bottom phase in most 
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PEG - salt ATP systems. K of endosperm protein was higher than that of germ protein in all 
ATP systems studied. K of corn protein increased with pH and decreased with PEG MW. 
TLL was not a significant factor for K in most PEG 8000 - salt systems. 
APS offers the possibility of integration of the extraction and partitioning steps. K of 
corn proteins decreased in the integrated extractive partitioning because of the presence of 
com solids and the amount of host proteins extracted was also lower. NaCl addition 
increased K but decreased extraction of com proteins in the integrated procedure. These 
effects were more evident in PEG 8000 - (NH^SCU systems than in PEG - phosphate 
systems. 
NaCl addition, aimed at increasing the hydrophobic resolution of the APS, enhanced the 
selective recovery of lysozyme (a relatively hydrophobic protein) in PEG 3350 (15.7 wt%) -
Na%S04 (8.9 wt%). At 4.5 wt% NaCl, selectivity for lysozyme in the top phase relative to 
com fraction proteins was 134 and 616 for endosperm and germ, respectively, with 
essentially complete recovery in the top phase. For a phase ratio of 0.15, the purification 
factor for lysozyme from germ protein was 14. Increasing com solids and lysozyme loading 
did not change the purification factor significantly until 10X loading for germ. 
A different set of conditions was required for selective recovery of the more hydrophilic 
protein, cytochrome c, in the lower phase. Lowering PEG MW and adding NaCl resulted in 
PF = 4.7 and Y = 93% and PF = 9.1 and Y = 100% for recovery from endosperm and germ 
extracts, respectively, in the PEG 1450 - 8.5% NaCl - Na^SC^ system. 
Thus it has been demonstrated, that an APS can be chosen and optimized for recovery of 
either hydrophobic or hydrophilic proteins from com extracts and that extaction can be 
advantageously integrated with the partitioning step. 
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Fig. SI supplementary. Effect of NaCl addition and com solids on model protein partitioning in 
extractive partitioning. ATP systems were PEG 3350 - Na2S04 systems listed in Table 1. Filled 
symbols: 0.10 g endosperm/g ATP system; open symbols: 0.01 g germ/g ATP system; gray symbols: 
pure model proteins control samples. All model protein loading was 15 jxg model protein/g ATP 
system. Plots were displaced slightly on MW axis for clarity. The error bars represent the 95% 
confidence intervals. 
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Abstract 
Several approaches were examined for extracting the relatively hydrophobic protein 
recombinant dog gastric lipase (rDGL) expressed in the endosperm of transgenic com seed. 
The first approach used minimal processing of the seed before extraction (i.e. simple 
grinding of whole seed) followed by selective extraction to eliminate 72% of contaminant 
proteins without compromising rDGL recovery from the meal of whole grain. The second 
approach added defatting of the whole grain meal to reduce the amount of detergent in the 
subsequent step for extracting rDGL. The third approach incorporated dry-milling of the com 
to recover a endosperm rich fraction, followed by extraction of this fraction. The dry milling 
strategy was most effective, resulting in recovery of 35 U rDGL/g com seed (50 U/g 
endosperm) with a specific activity of 9 U/mg compared to 22 U and 3 U/mg for the first 
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strategy and 36 U and 3.7 U/mg for the second. The reductions in host protein contamination 
and lower detergent levels of the endosperm route should simplify downstream purification 
steps. 
Key words: lipase, extraction, detergent, defatting, upstream processing, seed fractionation, 
corn, maize, transgenic 
Introduction 
The feasibility of using plants as bioreactors to produce recombinant proteins has 
progressed since the first reports in 1983 (i, 2). The most attractive feature of this technique 
is the low cost associated with production coupled with the expectation that purification will 
be no more costly. A recent study estimated a cost of $5.90/g for recombinant lactoferrin 
using rice as the host (3), while the estimated cost of ^-glucuronidase was $43/g with 
transgenic corn as the host (4, 5). The much lower cost for the lactoferrin case results from 
the higher expression level of 5 g lactoferrin/kg rice flour and the relatively easy ion 
exchange purification process (3). Although these costs may increase as growth and handling 
regulations become more stringent, they are still likely to compare favorably with $105 or 
$300-3000 for transgenic goats' milk or mammalian cell culture, respectively (6). 
The protein of our interest is recombinant dog gastric lipase (rDGL) expressed in 
endosperm of corn seeds at a reported level of ca. 1 g/kg corn (7); some information on the 
transformation of com for this transgene has been reported (8). The molecular weight and 
isoelectric point of this rDGL is approximately 49 kDa and 6.7 measured according to SDS-
PAGE and isoelectric focusing, respectively (8). DGL has a grand average hydropathicity 
(GRAVY), based on the amino acid sequence and crystal structure, of -0.069 (9), which 
is relatively hydrophobic, but it is still water soluble (8, 10). Gastric lipase has hydrophobic 
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tips exposed in the open enzyme conformation that leads to binding of the hydrophobic 
substrate, i.e. lipids (11), and is effective in hydrolyzing lipids after adsorbing to an oil-water 
interface (10). Gastric lipase has been expressed and produced in insect cell culture (12, 13), 
yeast (14), transgenic tobacco (15), and corn seed (7, 8). Different host tissues require 
different conditions to extract lipases. The recovery of extracellular lipases from fermentation 
broths is simplified because lipases remain in the supernatant after centrifugation (13, 14, 16-
20). Extraction of lipases from oilseeds requires detergents (polyoxyethylene (20) 
monooleate (Tween 80) ( 21 ) ,  3-[(cholamidopropyl)dimethylammonio]-l-propanesulfonate 
(CHAPS) (22, 23), and/or a reducing agent such as dithiothreitol (24-26). In contrast, no 
detergent was used to extract rDGL from transgenic tobacco leaves (15). 
For extraction, the host tissue matrix must also be considered in order to minimize 
contaminants in extracts. In our study, rDGL is expressed in corn seeds that consist mainly of 
endosperm (83%) and germ (11%). The endosperm is mostly starch (88%), while the germ is 
rich in oil (33%) and protein (18%) (27). Germ proteins have different solubility 
characteristics than endosperm proteins (28), so the separation task will change when 
expression and extraction are targeted to a particular fraction (4, 29). Methods to separate 
germ and endosperm are well established in the grain milling industry (28, 30). Further 
control of the purification burden can be obtained by manipulating extraction conditions. 
For other recombinant proteins, reports are available regarding the effects of extraction 
conditions on total protein and recombinant proteins from corn seeds. Azzoni et al. (31) 
studied concentrations of recombinant aprotinin and total proteins in extracts with different 
combinations of pH and salt concentration. The concentration of total protein increased with 
pH and salt concentration (up to 200 mM), with pH being more significant. A lower pH is 
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thus preferred for reducing contaminants. The concentration of extracted aprotinin was 
higher at a higher salt concentration and did not show a monotonie trend with pH. The 
optimum condition was concluded to be pH 3.0 and 200 mM NaCl to minimize contaminants 
and achieve satisfactory extraction of aprotinin. Farinas et al. (32) similarly studied corn 
proteins extracted from endosperm rich fraction only. The results were similar to those from 
whole grain: higher total protein concentration at a higher pH and salt concentration with pH 
being the dominant parameter. However, when extracting recombinant human proinsulin 
from endosperm, pH 10.0 and 200 mM NaCl was needed to solubilize the proinsulin (33). 
The challenges associated with this selection included a high total protein and a low flux 
during filtration (33). 
For the case of extracting rDGL from transgenic corn seeds, Roussel et al. (8 )  washed 
the ground corn meal twice with hexane to remove oil and then stirred the meal with an 
extraction buffer containing EDTA and Triton X-100. Although the authors did not report the 
quantitative outcome of the extraction step, it appeared defatting and detergent addition were 
required. 
Because extraction consumes ca. 40% of the total cost when producing recombinant 
proteins from com seeds (4), the objective of this work was to develop strategies that 
maximize the extraction of rDGL, minimize the material requirements of extraction, and 
facilitate downstream recovery. The first group of studies focused on the meal of whole 
grain, where variables during extraction included various combinations of detergent types 
and concentrations, pH values, and salt concentrations. The second group of studies was 
based on the information from the first group, and was aimed to lower extraction cost by 
integrating upstream processing, which included (1) defatting the meal of whole grain and (2) 
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extracting the rDGL-containing endosperm only after separating com seeds into germ-rich 
and endosperm-rich fractions. 
Materials and methods 
Chemicals 
The 4-nitrophenyl butyrate (NPB), CHAPS, and Z-histidine were purchased from Sigma 
(St. Louis, MO). Other chemicals were from Fisher Scientific (Pittsburgh, PA). Chemicals 
were used without further purification, and deionized water was used in all experiments. 
Transgenic corn seeds and the meal of whole grain 
Transgenic com seeds with expression of rDGL targeted to the endosperm were 
provided by Meristem Therapeutics (Clermont-Ferrand, France) and stored at 4°C and low 
moisture. In preparation for extraction, seeds (30 g per batch) were ground in a coffee-
grinder (Krups, Medford, MA) for 30 seconds followed by milling (Retsch mill DR 15/40, 
Retsch Inc. Haan Germany) to a size that passed the outlet 18 mesh screen. The meal was 
stored at 4°C until used. 
Extraction of rDGL from the meal of whole grain 
Buffer systems. Extraction buffers were prepared with 50 mM of the following buffer 
salt at a corresponding pH: citric acid (pH 2.5, 3.0 and 4.0), sodium acetate (pH 5.0), L-
histidine (pH 5.5 and 6.0), sodium phosphate (pH 7.0), Tris (pH 8.0), or sodium carbonate 
(pH 9.0 and 10.0). Detergents were then dissolved in the buffers to achieve different 
concentrations (w/w) of polyoxyethylene (20) sorbitan monolaurate (Tween 20), Tween 80, 
polyoxyethylene mono p-tezt-octylphenylether (Triton X-100), or CHAPS. Buffers were also 
supplemented with various concentrations of sodium chloride in one set of experiments to 
evaluate the effects of salt concentration on lipase extraction. 
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Extraction kinetics. The meal was stirred continuously at a ratio of 1 g solids to 4 ml 4% 
Tween 80 at pH 3.0, 5.0, or 5.5, and approximately 1.5 ml of slurry was sampled after 
predetermined periods at room temperature. The slurry was centrifuged immediately at 
10,000 x g for 10 min (Sorvall RC5B Plus centrifuge, DuPont, Wilmington, DE), and the 
supernatant was filtered through a Corning pStar syringe tip filter (3 cm2 effective filtration 
area, 0.45 |^m pore size, cellulose acetate membrane, Coming Incorporated, Coming, NY). 
The samples were stored at -20 °C until analysis. 
General extraction protocol. Extracts were prepared by stirring 1 g of com meal in 4 ml 
of extraction buffer with a magnetic stir bar. The slurry was stirred for 14 h unless otherwise 
noted and then centrifuged at 10,000 x g for 30 min. The supernatant was then syringe-
filtered through the 0.45 pm cellulose acetate membrane. Extractions were performed at 
room temperature; cold extraction showed no improvement. The clarified samples were 
stored at -20 °C until analysis for enzyme activity and total protein concentrations. 
Extraction of rDGL from the meal of defatted whole grain 
Similarly to Roussel et al. (S), defatting was done by mixing 10 g of whole grain meal 
with 100 ml ice cold hexane for 1 h in an ice bath on a stir plate. The slurry was vacuum-
filtered through #1 filter paper (Fisher) to remove hexane. After defatting for a second time, 
the filtered cake was washed with 10 ml fresh ice cold hexane and air-dried overnight in a 
laboratory hood to remove residual hexane. Gravimetric analysis of the hexane extract 
showed the extraction to remove ca. 40% of the oil in the original com meal (Table 1). The 
defatted meal was stirred at a ratio of 1 g solids to 10 ml 0.13% Triton X-100 with 50 mM 
sodium phosphate at pH 3.0. Roussel et al. (8) used an extraction time of 16 h for defatted 
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meal, while we found 12 h was sufficient. The slurry was centrifuged (Sorvall RC5B Plus 
centrifuge, DuPont, Wilmington, DE) immediately at 10,000 x g for 20 min at 4 °C, and the 
supernatant was filtered through a 0.45 pm cellulose acetate syringe membrane (Coming). 
The samples were analyzed for lipase activity and protein concentration immediately. 
Fractionation of corn seeds (degerming) 
Fractionation of com seeds into endosperm rich and germ rich fractions was completed 
by following the optimal dry milling procedure developed in the Center for Crops Utilization 
Research at Iowa State University (34). The method passes the grain through a degermer, a 
mill, an aspirator and a series of screens to recover an endosperm-rich fraction containing ca. 
70% of the grain with an oil content of ca. 1.6% (dry base) from whole com of 4.8% (dry 
base) (Table 1). This endosperm-rich fraction was ground further (Braun KSM2 Aromatic 
coffee-grinder, Braun, Wobum, MA) for 30 sec in a cold room yielding the final endosperm 
meal for the extraction studies. The particle size distribution of the meal is compared to that 
of the whole grain meal in Table 2. The endosperm fraction is more finely ground than the 
whole grain meal. 
Table 1. Composition of whole corn and the prepared fractions (with 95% confidence intervals). 
Material Percent of kernel (%)* Oil(%)* Protein (%)* 
Whole kernel 100.0 4.8 ±0.2 9.8 ±0.5 
Whole kernel washed with ice 100.0 2.8 ±0.6** -
cold hexane 
Germ 23.55 ± 1.1 13.8 ±0.5 13.2 ±0.4 
Endosperm 66.7 ± 1.1 1.63± 0.0 8.6 ± 0.6 
Hull 3.8 ±0.5 2.7 ±0.2 10.3 ±0.3 
* Dry basis. 
** Calculated after subtracting the the oil amount extracted by ice cold hexane from the content of the 
whole kernel. 
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Table 2. Size distribution of milled endosperm fraction and whole grain meal. 
Weight percent (%) 
Screen mesh Particle size (d, mm) Endosperm meal Whole grain meal 
#18 > 1 5 14 
#35 1 >d>0.5 15 37 
#40 0.5 >d> 0.425 20 7 
#50 0.425 > d >  0.300 20 10 
Pan <0.3 40 31 
Extraction of rDGL from endosperm meal 
Extracts were prepared by stirring 1 g of endosperm meal in 10 ml of extraction buffer 
with a magnetic stir bar. Extraction buffers contained different concentrations of Triton X-
100 and NaCl in 50 mM of sodium phosphate at pH 3.0 or 5.5. The slurry was stirred for 12 
h unless otherwise noted and then centrifuged at 10,000 x g for 30 min. The supernatant was 
then filtered through a 0.45 (am cellulose acetate membrane (Corning). Extractions were 
performed at room temperature. The clarified samples were assayed immediately for lipase 
activity. 
After the pH, Triton and NaCl concentration optima were determined for the endosperm 
meal, extraction kinetics were determined on separate size fractions of the meal (sieved into 
standard screens of sizes #18, #35, #45, and #50 from Fisher Scientific, Pittsburgh, PA), as 
well as the endosperm fraction directly from the dry milling (no final grinding step). 
Lipase activity assays 
The activity of lipase was determined based on the hydrolysis of substrate NPB into 
nitrophenol and butyric acid (35). Assays involved the emulsification of 6.7 jj.1 of the oil 
phase (0.15 M NPB dissolved in n-heptane) in 1 ml of 0.01% (w/w) Tween 80 at pH 5.5, 
followed by the introduction of lipase samples. The absorbance of emulsions was monitored 
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at 346 nm for 5 min at 25 °C (Ultraspec 4000 UV/visible spectrophotometer, Pharmacia 
Biotech, Piscataway NJ). One unit of lipase activity corresponded to the production of 1 
pmol of nitrophenol in 1 min. 
Protein assay 
The presence of detergent interfered with the Bradford (36), Lowry (37), and biuret (38) 
methods. On the other hand, the bicinchoninic acid (BCA) method (39) had good tolerance 
for detergent. Reagent A, containing BCA and other chemicals, was purchased from Pierce 
(Rockford, IL), while reagent B, 4% cupric sulfate, was prepared from the salt. Assays 
followed the procedures of the Pierce manual and the incubation of samples was at 37 °C for 
30 min in a water bath. Bovine serum albumin was used as the reference standard. 
Results and discussion 
The development of the extraction strategy was initiated with the coarsely-ground meal 
of whole grain as this required minimal upstream processing. Parameters studied included 
detergent types and concentrations, pH, salt concentrations, and kinetics. Based on the results 
from whole grain, three extraction strategies based on different starting materials were 
developed. To make direct comparisons of data from each starting material (whole grain, 
defatted whole grain, and endosperm), the lipase concentration in extracts are presented 
based on per g of whole kernel. 
Extraction from the meal of whole grain 
Extraction kinetics. When the meal of whole grain was extracted with 4% Tween 80 at 
pH 5.0 and 5.5, there was an observable increase in lipase activity even after 22 h (Figure 1). 
Extended extraction also increased the amount of contaminant proteins (data not shown). 
Little lipase activity was observed in extracts of pH 3.0. Most lipase activity was observed 
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after 12 h. An extraction time of 14 h was selected to conveniently incubate samples 
overnight when screening extraction parameters. 
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Figure 1. Extraction kinetics of rDGL from the meal of whole grain with 4% Tween 80 at pH 3.0, 
5.0, and 5.5. Error bars are 95% confidence intervals. 
Effects of detergent concentration. No lipase activity was detected in the samples 
extracted without detergent at a pH ranging from 2.5 to 10.0. At a detergent concentration 
below 0.5%, extracts had lipase activities mostly lower than 1 U/ml for all detergent types 
and pH values. At pH 5.5, extracts showed increased lipase activity with an increase in 
detergent concentration up to 4% and then lowered activity at a detergent concentration of 
10% (Figure 2). CHAPS, the most costly of the detergents, gave lower yields than the other 
three detergents at concentrations up to 4% and was not used further. The presence of 
detergent during extraction also extracted additional host corn proteins, and the specific 
activity of the sample with 4% Tween 80 at pH 5.5 was only 0.90 U/mg protein. 
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Figure 2. Lipase activities extracted from whole grain with different detergent concentrations at pH 
5.5. Error bars are 95% confidence intervals. 
Relatively hydrophilic recombinant ^-glucuronidase (GRAVY = -0.383) ( 9 )  was 
extracted from com seeds without detergent (4). However, this was also true of aprotinin 
(GRAVY = -0.106) (9), which is close in hydrophobicity to DGL (29, 31). ^-glucuronidase 
may be the more appropriate comparision because it is much closer in molecular weight to 
DGL. 
Effects of salt concentrations and pH. Extraction was secondarily affected by buffer pH 
(Figure 3). Very little activity was detected in extracts prepared at pH 3.0, 9.0, and 10.0. The 
maximum (22.1 U/g kernel) was observed at an extraction pH of 5.5 where detergent type 
had only a small effect. For extractions with 4% detergent at pH 5.5, the addition of NaCl did 
not enhance lipase extraction (data not shown). 
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Figure 3. Lipase activity of extracts from whole grain with 4% detergent at different pH values of the 
extractants. Error bars are 95% confidence intervals. 
Strategy I. Fractional extraction 
Since detergent was required to extract rDGL from the meal of whole grain, a fractional 
extraction protocol was used to eliminate a portion of the soluble native proteins. During the 
first extraction step, the meal was treated at pH 5.5 without detergent for 2 h, during which 
most corn proteins were extracted by aqueous buffers. The slurry was then centrifuged at 
10,000 x g for 30 min, and the supernatant was decanted and filtered through a 0.45 jam 
membrane for analyses of protein concentration and lipase activity. The remaining solids 
were then re-suspended with an extraction buffer containing 4% Tween 80 or Triton X-100 at 
pH 5.5, 6.0, or 7.0. The slurry was stirred for 22 h and then centrifuged and filtered as in the 
first extraction step. 
The first extraction step removed 5.6, 5.9, and 6.4 mg/ml protein at pH 5.5, 6.0, and 7.0, 
respectively, with no loss of lipase (Figure 4). The protein concentrations of samples after the 
second extraction step were below 3 mg/ml (Figure 4b). For the case of extraction with 4% 
70 
Triton X-100 at pH 5.5 at the second step, the amount of protein removed in the first step was 
approximately 72% of the total soluble protein. Approximately 22 U of lipase/g kernel were 
extracted, similar to one step extraction (Figure 3), but specific activity (3 U/mg protein) was 
improved more than three times from one step-extraction (0.9 U/mg protein). 
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Figure 4. Total protein concentrations and lipase activities of extracts from whole grain after: a) first 
extraction (no surfactant) aimed at removal of native proteins (lipase activity was non-detectable and 
thus not plotted) and b) second extraction aimed at recovery of lipase (surfactant at level shown). 
Error bars are 95% confidence intervals. 
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Extracts from different protocols behaved differently when filtered through the 0.45 (j,m 
cellulose acetate membrane. Membranes fouled severely after ca. 10 ml for all samples from 
one-step extraction, from the first step during fractional extraction, and from the second step 
fractional extraction with 4% Tween 80. However, a capacity of more than 100 ml feed 
resulted for the extract from the second step during the fractional extraction with 4% Triton 
X-100, compared with ca. 10 ml when 4% Triton X-100 was used in one-step extraction. 
Identification of physicochemical differences leading to this observation was beyond the 
scope of this work. Nevertheless, this increased flux would be an advantage for downstream 
processing. 
Strategy II. Defatting 
Roussel et al. ( 8 )  used a defatting procedure to extract rDGL from the meal of whole 
grain with a Triton concentration (0.0625%) significantly lower than the optimum (4%) 
detergent used in Strategy I. The authors used pH 3.0 (other conditions unavailable in the 
paper), which would not recommended according to our data from the meal of whole grain 
(Figure 3). To compare their strategy with the fractional extraction approach, we washed the 
meal with cold hexane twice and used a total of 0.13% Triton. The amount of rDGL 
extracted from the defatted meal was almost doubled from the optimum condition of Strategy 
I (36 vs. 22 U/g kernel, Figure 5 vs. Figure 4) and extraction at pH 3.0 became effective with 
this procedure. Extract from the defatted meal also had higher specific activity (3.7 U/mg 
protein) than that from Strategy I (3 U/mg protein). The comparison suggests that the 
removal of oil reduced the amount of detergent required and facilitated the extraction of 
rDGL, as would be expected if the oil were consuming detergent and adsorbing lipase. 
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Figure 5. Comparison of rDGL extracted from the meal of whole grain, the meal of whole grain after 
defatting, and the endosperm fraction. Extraction buffer was 200 mM NaCl in 0.13% Triton X-100 at 
pH 3.0. Error bars are 95% confidence intervals. 
Strategy III. Fractionation of seed kernel 
Hexane extraction for oil removal may be replaced by the separation of germ from 
endosperm, an already mature process in milling industry (28, 30), based on the fact that 
germ is protein- and oil-rich (4, 28) and rDGL was expressed in endosperm. Table 1 lists the 
yield of endosperm in the degerming process and oil and protein contents in the whole kernel 
as well as in three fractions after degerming: germ, endosperm, and hull. Detailed extraction 
studies were then performed for endosperm fraction, and the first parameter to be screened 
was pH because Figure 3 demonstrated that pH was a dominant extraction factor at a fixed 
detergent concentration. Detergent type was not tested further because results from whole 
grain meal suggested that detergent type was not a sensitive parameter. Triton X-100 was 
used in the remaining studies. 
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Effects of extraction pH. Two pH conditions were studied with 0.13% Triton X-100: 
optimum pH for the meal of whole grain (pH 5.5), and pH 3.0 (promising in Strategy II) 
(Figure 6). The extraction condition used in the defatting strategy was equally effective for 
the lipase extraction from the endosperm fraction (Figure 5) confirming that rDGL was 
expressed in endosperm. Besides extracting more rDGL than from the meal of whole grain 
(Figure 2-4), samples extracted from endosperm at pH 3.0 had much higher lipase specific 
activity (9 U/mg protein) than those from strategy I (3 U/mg protein) and II (3.7 U/mg 
protein). A specific activity of 9 U/mg corresponded to ~ 14% purity according to specific 
activity of 65 U/mg pure rDGL. The pH 3.0 was thus selected for remaining treatments using 
endosperm. 
Extracted lipase 
Specific activity 
3.0 5.5 
PH 
Figure 6. pH dependence of extraction from endosperm with 0.13% of Triton X-100 and 200 mM 
NaCl. Error bars are 95% confidence intervals. 
Effects of detergent concentration. When endosperm was extracted with different 
concentrations of Triton X-100, about 15 U of rDGL were extracted from 0.7 g of endosperm 
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(1 g of kernel ) even without detergent at pH 3.0, and the addition of Triton X-100 up to 
0.33% facilitated the extraction of rDGL, followed by a decrease at higher Triton X-100 
concentrations (Figure 7). The trend of surfactant concentration effects was similar to that 
from the meal of whole grain (Figure 2), but the corresponding behavior occurred at much 
lower detergent levels as a result of the lower oil content of the endosperm fraction. In 
addition, the removal of germ fraction reduced the extractable native protein concentration 
and as a result increased the specific activity of extracts (Figure 7). Further improvement was 
not significant when Triton X-100 was increased above 0.13%, and 0.13% Triton X-100 was 
chosen for further studies to reduce detergent use. 
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Figure 7. Effect of Triton X-100 concentration on the extractable rDGL from endosperm at pH 3.0 
with 200 mM NaCl. Error bars are 95% confidence intervals. 
Effects of salt concentration. For extractions with 0.13% Triton X-100 at pH 3.0, the 
addition of NaCl enhanced rDGL extraction at low salt concentration (< 200 mM), then 
75 
weakened the rDGL extraction (Figure 8). The observations were similar to those from the 
meal of whole grain at pH 3.0 (data not shown). 
The experimental design employed may have overlooked interactions that could have 
been detected by a factorial design. However, in this case, the primary effects of surfactant 
level and pH were quite large and being able to examine a larger number of values of those 
parameters was a benefit. Where we did have a chance to observe interactions they were not 
apparent, as is seen in Figures 3 and 4, where pH trends did not change with surfactant type. 
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Figure 8. Effects of salt concentration on the extraction of rDGL from endosperm meal at pH 3.0 
with 0.13% Triton X-100. Error bars are 95% confidence intervals. 
Extraction kinetics. Since the extraction kinetics of a recombinant protein from 
transgenic plant seeds was a function of particle size (40), the ground endosperm-rich 
fraction was sieved to fractions of different fineness (Table 2). Milling possibly enriches the 
more brittle endosperm in the smaller fractions relative to germ (41). During extraction with 
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0.13% Triton X-100 and 200 mM NaCl at pH 3.0, there was an observed increase in lipase 
activity up to ca. 5 h for particles of various sizes (Figure 9a), with the finer fractions having 
a higher amount of extractable rDGL. In all cases, further extension of extraction time did 
not improve rDGL recovery, similar to the results from whole grain at pH 3.0 (Figure 1). The 
time to reach the maximum extractable lipase was shorter for the endosperm meal (5 h) than 
that for whole grain meal (7 h) possibly because whole grain meal was coarser (Table 2). 
Since most host proteins were extracted by 1 h, specific activity (Fig. 9b) showed similar 
behavior. 
Fractional extraction. Surfactant-free buffer (10 ml of 50 mM sodium phosphate, 200 
mM NaCl, at pH 3.0) was added to 1 g endosperm and stirred for 1 h and centrifuged and 
filtered as above to provide a first-stage extract rich in readily soluble native proteins. The 
residual solids from centrifugation were re-suspended in the above extract buffer 
supplemented to a level of 0.13% Triton X-100, stirred for 6 h, centrifuged and filtered to 
prepare the coarse-clarified second-stage extract. Samples of each extract were assayed 
immediately for lipase activity and protein concentration. 
Compared to the simple extraction (Table 3), the first fractional extract contained 
similar total protein, but unlike fractional extraction of whole grain meal this fraction 
contained approximately 40% of the r-DGL activity, while the second fractional extract 
contained less native proteins and 60% of the r-DGL activity. Hence, by fractional extraction, 
the final extract had 60% higher specific activity but unfavorably lower yield. 
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Extraction time (h) 
Extraction time (h) 
Figure 9. Extraction kinetics of rDGL from endosperm meal at pH 3.0 with 0.13% Triton X-100 and 
200 mM NaCl: (a) lipase concentration; (b) lipase specific activity. Legend indicates endosperm 
subfraction used: unground (coarse), sieve fraction of ground, or pooled sieve fractions (mix). Error 
bars are 95% confidence intervals. 
Table 3. Extraction of r-DGL from endosperm by simple and fractional procedure. 
Extraction Extracted r-DGL (U/g kernel) 
Total Protein 
(mg/ml) 
Specific Activity 
(U/mg protein) 
Yieldr_DGL 
(%)* 
Yield l oin 1 Protein 
(%)* 
Simple 39.1 ±6.3 0.730 ±0.1 8.5 ± 1 100 100 
1st Fractional 15.8 ± 1.6 0.711 ±0.1 3.5 ± 0.4 40 ± 1 97  ±2  22.7 ± 1.6 0.265 ± 0.05 13.6 ± 1.5 64 ± 1 40  ±3  
± ranges are 95% confidence intervals ,* Yields are relative to simple extraction. 
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Comparison of three strategies 
Fractional extraction enabled the recovery of ca. 22 U rDGL/g kernel for whole grain 
meal, with a specific activity of 3 U/mg. However, 0.16 g detergent (1 g: 4 ml 4% Tween 80 
or Triton) was required for the maximum recovery from 1 g solids. By first defatting the 
whole grain meal, it was possible to recover 36 U rDGL/g whole grain, with a specific 
activity of 3.7 U/mg and the amount of detergent needed was much less (0.013 g detergent/g 
solids). According to the results of dry milling and fractioning, ca. 70% of seed mass was 
recovered as the coarse endosperm fraction. The total amount of rDGL extracted from the 
endosperm was about 35 U/g kernel (50 U/g endosperm), with a specific activity of 9 U/mg. 
Based on the specific activity determined for purified rDGL (65 U/mg protein), this recovery 
converted to 0.53 g/kg com. Since we only have an order of magnitude estimate of the level 
that could be produced in the seeds (1 g/kg corn) we can not report whether extraction was 
complete. 
Additional advantages of using the endosperm fraction include reducing the solids going 
to extraction, reducing the native protein contamination of the extract going to purification, 
and reducing the amount of detergent (0.013 g detergent/g solids). Our preference on 
degerming prior to extraction was further supported by the fact that procedures for 
degerming are well-established in the grain-milling industry (28, 30) and are more 
environment-friendly than defatting with hexane. 
Conclusions 
The amount of rDGL extracted from the meal of whole grain was affected by many 
variables including detergent concentration and type, buffer pH, and salt concentrations. The 
best extraction of rDGL was observed at pH 5.5 and 4% detergent (Tween 20, Tween 80, or 
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Triton X-100). The existence of oil in corn seeds demanded a significant amount of 
detergent. The developed two-step extraction protocol eliminated 72% of contaminant 
proteins without compromising rDGL recovery from the meal of whole grain. The extract 
with 4% Triton X-100 from the second extraction step filtered much better than first stage or 
single-stage extracts. 
Defatting removed corn oil from the meal of whole grain and reduced the amount of 
detergent required for rDGL extraction..This should reduce the cost associated with 
extraction and facilitate downstream purification, but adds the cost of hexane extraction. By 
fractionating corn seeds into germ-rich and endosperm-rich fractions, the amount of 
detergent required was also reduced. With the additional advantages of excellent recovery of 
rDGL and a reduced amount of native proteins extracted (particularly at pH 3.0) and 
friendliness to environment, degerming prior to extraction was the preferred strategy. 
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CHAPTER 4. RECOVERY OF RECOMBINANT DOG GASTRIC LIPASE 
FROM CORN ENDOSPERM EXTRACT 
A manuscript for submission to Separation Science and Technology, 2006 
Zhengrong Gu and Charles E. Glatz 
Abstract: Two separation methods, aqueous two-phase (ATP) partitioning and cation 
exchange, were compared for their abilities to purify the hydrophobic and acid-stable protein 
recombinant dog gastric lipase (r-DGL) from extracts of transgenic corn endosperm. ATP 
variables included polyethylene glycol (PEG) molecular weight, phase-forming salt, NaCl 
addition, Triton X-100 concentration and phase ratio. The purification factor and yield of r-
DGL in the bottom phase of a PEG 3350 (14.2%)-Na2S04 (5.5)-NaCl (0.5%) system at pH 4 
were 1.5 and 80%, respectively. A higher purification factor of 2.3 and nearly 100% yield of 
r-DGL was obtained in the top phase of a PEG 3350 (9.4%)-phosphate (14.3%)-1.5% NaCl 
system at pH 4.0. Process capacity of ATP systems was 5 ml extract/11 ml ATP aliquots. 
For the cation exchange alternative, 60 ml of filtered (0.45 |a,m) endosperm extract was 
loaded onto a 5 ml cation exchange column and r-DGL was eluted by gradient elution. The 
yield, purification factor, and concentration factor were 90%, 7.7, and 3.6, respectively. 
Countercurrent ATP partitioning could theoretically achieve equivalent purification factor by 
using three stages, but concentration factor would be lower, i.e. 1.4. 
Key words: dog gastric lipase, extraction, Triton X-100, corn, endosperm, aqueous two-
phase, PEG, cation exchange, transgenic 
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INTRODUCTION 
Gastric lipases, which are stable in gastric medium and active under acidic conditions, 
have been proposed for orally-administered treatment of exocrine pancreatic insufficiency 
such as in cystic fibrosis(1). Additionally, dog gastric lipase (DGL), a 49 kDa glycoprotein 
of isoelectric point (pi) 6.3 with the highest activity on long-chain triacylglycerols (the main 
components of human dietary fats), was the most effective potential enzyme for treatment of 
cystic fibrosis^. 
Recombinant gastric lipases have been expressed using insect cells(2-4) and yeast(5). 
However, plant hosts may be favored because they do not contain human or animal 
pathogens and can provide for glycosylation and folding(6). In addition, transgenic plants 
offer large and flexible production capacity and lower production cost than transgenic 
animals or mammalian cell cultures(7,8). 
The first transgenic plant hosts providing active r-DGL expression were tobacco (9) and 
maize (com)(1). Maize has the advantages of longer storage stability in the seed, lower levels 
of phenolics, and the absence of toxic nicotine. Recovery can be simplified by targeted 
expression to endosperm, which can be separated from germ and hulls by dry-milling(l0). 
Removal of the latter fractions greatly reduces the levels of oil and soluble native proteins 
(10)
. Further reduction of the separation burden can be achieved by selection of extraction 
conditions (11). These optimized strategies for upstream processing and extracting of r-DGL 
from com seeds have been reported(12). 
As a relatively low-cost recovery method, aqueous two-phase (ATP) partitioning offers 
the initial advantage of less stringent requirements for removal of residual solids from the 
extract slurry and the potential for continuous, multi-stage operation(13). PEG-phosphate 
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systems have been widely studied for separating microbial lipases (14"19), especially 
hydrophobic microbial lipases(l6), from fermentation broths. However, there are few 
applications of ATP partitioning to plant hosts (20"22). PEG-NaaSC^ systems have been 
successfully used for recovering lysozyme, a relatively hydrophobic protein, from tobacco 
(20) and extracts of corn endosperm(21). 
The selectivity of ATP partitioning in PEG-salt systems can be controlled by the 
hydrophobic difference between the two phases and the hydrophobicities of target protein 
and host proteins(23). Based on amino acid composition, r-DGL is more hydrophobic than 
lysozyme(24), which has been purified from com endosperm by ATP partitioning(2I). The 
PEG-salt ATP parameters of PEG MW, phase-forming salt, and NaCl addition proved the 
most important factors for selective recovery of proteins in the PEG phase(25). NaCl addition 
causes relatively hydrophobic proteins to partition more to the PEG phase by increasing the 
hydrophobic difference between the two phases (26), promoting stronger hydrophobic 
interaction between the proteins and PEG(27). 
Addition of surfactants can provide an additional means of manipulating such systems. 
Triton X-100 was used as an affinity ligand to enhance partitioning of relatively hydrophobic 
proteins to the hydrophobic top phase of thermo-separating ATP systems(15). Beyond 
manipulation of partitioning, the volume ratio of the top phase to the bottom phase (phase 
ratio) has been manipulated to optimize the purification of lysozyme(21). 
In this work, the PEG-Na^SC^ and PEG-phosphate systems were chosen to exploit 
hydrophobicity as the basis for separating r-DGL from endosperm extract. PEG MW, phase-
forming salt and NaCl addition were initially manipulated to choose a usable system. Then 
Triton X-100 concentration and phase ratio (at same TLL) of the selected ATP system were 
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manipulated to optimize the separation of r-DGL from endosperm extract. Performance of 
this process was compared to that obtained using cation-exchange chromatography. Cation 
exchange run at pH 4-5.2 has provided for selective capture of r-DGL (pi = 6.3) <1_2), and 
should be applicable to separation from corn protein (pl=4.7)(28). 
Definition of parameters in ATP systems 
Tie line length {TLL) characterizes the compositional differences between the two 
phases: 
TLL = ((&Cpmf +(AC,„„)2}'2 (1) 
az-t bottom a f^top bottom /a\ 
AUP£G ~~ VPEG PEG ' AUsa/f — Vsalt Usalt VZ/ 
The partition coefficient (K) is the ratio of concentrations in each phase, 
cf Ki ~ ^bottom 
where C, is the concentration of component i (total protein (TP), native endosperm protein 
(NEP) or r-DGL). Total protein is expressed as mass, while r-DGL is activity units (U). The 
concentration of native endosperm protein is 
^ (4> 
where 65 U/mg is the specific activity of pure r-DGL 
The selectivity of a single stage (a) is: 
a=^OGL_ (5) V- X 7 
NEP 
Phase ratio (0 ) is the relative volume of the two phases: 
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4 = -pmL- (6) 
bottom 
The purification factor (PF) for recovery in the product-phase is defined as the ratio of 
product-phase specific activity (SA) to initial SA in the extract. 
o, product 
PF = (7) 
^initial 
Yield (Y) of protein is defined as fractional recovery in the product-phase. 
C/xF,  
r
'=iÏ7T <8) 
where Mt is the mass (or activity units) of r-DGL, native endosperm protein or total protein 
added. 
The mass balance (MB) on a protein is defined as the fraction of protein accounted for in 
the two phases 
"*• i',;' 
The concentration factor (CF) in the product phase is defined as the ratio of 
concentration of product ( C' r°£al ) to initial Cr.DQL in the extract. 
According to the parameters defined above, the purification factor of the r-DGL in the 
top phase can be expressed as a function of partition coefficients, phase ratio and mass 
balances. 
PFrop = K'-dgl XMB^L x<KTP x<t + ]) (10) 
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MATERIALS AND METHODS 
Materials 
The 4-nitrophenyl butyrate (NPB), CM-Sepharose resin (CL-B6) and L-histidine were 
from Sigma-Aldrich (St. Louis, MO). Other chemicals were ACS certified grade from Fisher 
Scientific (Pittsburgh, PA). The water was deionized. The endosperm-enriched fraction of 
corn was prepared by dry milling of r-DGL (targeted expression to endosperm) corn(10) 
provided by Meristem Therapeutics (Clermont-Farrand, France). 
r-DGL Extraction 
Extracts were prepared^12) by stirring 1 g endosperm meal in 10 ml of extraction buffer 
(20 mM of sodium phosphate, 200 mM NaCl, 2 mM Triton X-100 at pH 3.0) for 6 h before 
clarification by centrifuging (10,000 x g for 30 min) and decanting through two layers of 
Whatman #4 filter paper (Fisher Scientific, Pittsburgh, PA). This "coarse-clarified" extract 
was assayed immediately for lipase activity and protein concentration. Before cation 
exchange, the coarse-clarified extract was adjusted to pH 4.5 and filtered (0.45 prn 
nitrocellulose membrane; Millipore, Billerica, MA) without loss of r-DGL or protein. To 
investigate the influence of Triton X-100 on protein partition coefficient, an extract of r-DGL 
without Trition X-100 was also prepared. 
ATP Partitioning 
The PEG (50%) and sulfate (23%) stock solutions were prepared in 20 mM phosphate, 2 
mM Triton X-100 and pH 4.0 buffer. The pH 4.0 phosphate (40%) stock solution containing 
2 mM Triton X-100 was prepared by combining appropriate amounts of K2HPO4 and 
NaHiP04 (0.1 w/w). The mixed cations were required because of solubility limitations of the 
respective phosphate salts. The same stocks were also prepared without Triton X-100. Final 
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phase system compositions, after combination of stocks and endosperm extracts are shown in 
Table 1. Tie line lengths in this Table are calculated from published phase diagrams for these 
systems (25,29) 
Five ml of coarse-clarified extract was mixed with 6 ml total of phase stock solutions to 
form an 11 ml ATP system in a 16 ml graduated centrifuge tube. After 30 min of gentle 
mixing on an end-to-end shaker (Lab Industries Inc., Berkeley, CA) at room temperature 
(22°C), phases were separated by centrifugation at 1000 x g for 10 min. Final phase volumes 
were recorded, the top phase was removed by transfer pipette, and the bottom phase was 
collected by piercing the centrifuge tube with a syringe; the region near the interface was left 
in the tube to avoid contamination of the phase samples. The total protein and r-DGL 
concentrations in samples from each phase were analyzed. 
Table 1. Compositions of ATP systems3. 
ATP system Concentration of components (wt%) 
PEG Phase-forming salt NaCl 
<D TLL" (wt%) 
PEG 1450-
Na2SQ4 (pH 4) 12.7 9.6 
0.5 
5.0 0.57 23.2' 
(29) 
PEG 3350 -
Na2S04 (pH 4) 12.4 8.5 
0.5 
6.0 0.83 23.4^ 
PEG 8000 -
Na2SQ4 (pH 4) 13.0 8.0 
0.5 
6.0 
0.57 
0.47 26.4' 
(29) 
PEG 3350 -
NaH2P04 
/k2hpo4 
(pH 4)° 
14.0 
3.1 
5.4 
9.4 
12.0 
18.5 
17.0 
14.3 
0.5 
1.5 
1.5 
0.83 
0.83 
0.13 
0.29 
0.5 
33.2' (25) 
All systems contained 2 mM Triton X-100 except where noted in Table 3. 
b In the absence of NaCl. 
0NaH2PO4: K2HP04 = 10:1 (w:w). 
d Influence of phase ratio was investigated in these systems. 
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Cation Exchange Chromatography 
Clarified extract (60 ml) was loaded onto 5 ml of CM-Sepharose (preliminary results 
(not shown) gave low lipase recovery with SP-Sepharose) resin (Sigma-Aldrich, St. Louis, 
MO) in a glass Econo-Column with flow adaptor (200 x 10 mm; Bio-Rad, Hercules, CA) 
that had been equilibrated with 15 ml Buffer A (20 mM sodium acetate buffer at pH 4.5 with 
200 mM NaCl). After sample loading, the column was washed with 20 ml of Buffer A. r-
DGL was eluted in a linear gradient from 100% Buffer A to 100% Buffer B (20 mM sodium 
acetate buffer at pH 4.5 with 1 M NaCl) in 25 ml. An alternative of step elution by 20 mM 
sodium acetate buffer, pH 4.5, with 500 mM NaCl was also evaluated. After elution, the 
column was washed with 15 ml of 0.1 M NaOH to remove strongly absorbed components. 
The flow rate was 1 ml/min throughout, output was monitored by A2go, and fraction volumes 
were 5 ml. The total protein and r-DGL concentrations in each fraction were analyzed. 
Lipase Assay 
The lipase activity assay followed the analytical method reported by Zhong and Glatz 
(30)
. Assays involved the emulsification of 6 |il of 0.15 M NPB dissolved in n-heptane in 1 
ml of 50 mM L-histidine buffer at pH 5.5 with 0.01% (w/v) Tween 80 by vortexing for 10 
sec. The 6 jal lipase samples were added, the emulsion was transferred into a quartz cuvette, 
and the absorbance was monitored at 346 nm for 5 mins at 25 °C. The initial slope was used 
to calculate the lipase activity. One unit of lipase activity corresponded to the production of 1 
pmol of nitrophenol inl min. Absorbance was converted to nitrophenol concentration based 
on a standard curve of pure nitrophenol at pH 5.5. 
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Protein Assay 
The bicinchoninic acid (BCA) method(31) was chosen because Triton X-100 did not 
interfere. Reagent A, containing BCA, was purchased from Pierce (Rockford, IL), while 
reagent B, 4% cupric sulfate, was prepared in the lab. Assays followed the procedures of the 
Pierce manual, with incubation at 37°C for 30 min. Bovine serum albumin was used as the 
reference standard. 
RESULTS AND DISCUSSION 
ATP Partitioning 
PEG-NaiSOj systems 
Effects of NaCl addition and PEG MW 
Kr-DGL increased with NaCl addition (Table 2) as was anticipated based on the added 
hydrophobicity difference between phases after salt addition(26). KTp did not increase with 
NaCl addition to quite the same extent as KR-DGL indicating that r-DGL is more hydrophobic 
than most of the extracted endosperm proteins. But the purification of r-DGL in the top phase 
was not enhanced greatly because Kjp also increased to above one for all PEG-NaaSCU 
systems. In interpreting the magnitudes of PF in these <P = 1 systems, it should be noted that 
the maximum possible value (complete partitioning of r-DGL to the top phase) is 2 when 
there is even partitioning of total host proteins (see Eqn. 11 below). 
Furthermore, KTp and Kr.DGi generally decreased with higher PEG MW, most clearly at 
high NaCl. Because concentrations of both phase-forming components change along with 
PEG MW, the cause is not clearly pinpointed. However, this decrease is consistent with the 
stronger volume exclusion effect for higher MW PEG(32), which would exclude more 
proteins from the top phase. 
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Table 2 also shows that r-DGL activity was not completely recovered in all PEG-
NaaS04 systems. The losses of r-DGL activity were especially high in the PEG SOOO-NaaSCU 
system, where precipitation was observed at the interface and more than 60% r-DGL was 
lost. This high r-DGL loss is likely the result of reduced solubility of r-DGL in the presence 
of higher MW PEG(32). 
6% NaCl addition resulted in formation of a small volume of a viscous, yellow phase 
above the PEG-rich top phase for all PEG MW with detectable protein in the third phase only 
for PEG 3350. The third phase likely consisted of oil and oil-soluble species because the 
endosperm rich fraction still contains 1.63% oil(10). The activity assay of the third phase 
samples from the PEG 3350-Na2SC>4-6% NaCl system showed high r-DGL activity, 55 ± 10 
unit/ml compared to r-DGL concentration in the top and bottom phases of 10.2 ± 0.6and 2.8 
± 0.2 unit/ml. Therefore, if the third phase of PEG 335O-Na^SG^-6% NaCl system could be 
collected separately, the r-DGL would be recovered in a more concentrated form though with 
lower yield (Table 2). r-DGL activity was not detected in the third phases of PEG 1450 and 
PEG 8000 systems. Again, Na^SC^ and PEG concentration also varied among these three 
systems (Table 1). Thus, one can not conclude the difference is solely due to PEG MW. 
Purification of r-DGL in bottom phase 
Top phase PF for r-DGL was not high in any PEG-Na^SC^-6% NaCl systems because of 
high Ktp (above one) and r-DGL loss (Table 2). On the other hand, in PEG 3350 or 1450-
Na2SC>4 -0.5% NaCl ATP systems, the r-DGL was partially enriched and purified in the 
bottom phase because most r-DGL was retained in the bottom phase (K^dgl was around 0.1), 
while total protein was distributed almost evenly (Ktp was around 1) in the two phases (Table 
2). 
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PEG 3350-phosphate systems 
Effects of NaCl addition 
In contrast to the PEG-NazSOd systems, NaCl addition to a PEG 3350-phosphate system 
did lead to effective top phase recovery of r-DGL. NaCl addition gave much higher Kr.oai. 
and yield of r-DGL in the top phase (Fig. la). The r-DGL partitioned almost completely into 
the top phase of PEG 3350-phosphate systems with 1.5% or higher levels of added NaCl. 
KTp also increased with NaCl addition but not as much as K^dgl- The net result was 
improved r-DGL purification in the top phase with the best result between 1.5% (PF=1.62 ± 
0.03, Y= 89 ± 3%) to 2% NaCl addition (PF=1.66 ± 0.09, Y= 96 ± 7%) (Fig. la,b). 
Though top-phase selectivity for r-DGL relative to NEP was extremely high (a = 45 
from Eqn. 5 and Fig. la), this was not as apparent in the purification factor because Kmep was 
still higher than one. This can be conveniently seen from the limiting case of Equation 10 for 
phase ratio equal to one (Table 1), mass balances close to 100% (Fig.lc) andK^DGL^KT? > 
KNEP >1 (Fig.la), which gives 
(11) 
TP 
Ktp and ^ nep were more than one (Fig la), which means native endosperm proteins 
partitioned more to the top phase in contrast to an expectation of K < 1 for NEP under similar 
conditions (partitioning in similar PEG33 50-phosphate systems at pH 4(21) but from pH 7 
extract). There are two possible explanations: 1) affinity of some of these proteins causes 
them to partition to the Triton rich top phase(15'32) or 2) the Triton X-100 in the extract buffer 
dissolves a greater proportion of the hydrophobic proteins with inherently higher K. 
This Triton X-100 influence is explored further in Table 3 where Triton levels in the 
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extract and ATP system are varied. In the complete absence of Triton, KNEP < 1 as expected 
(see above). Addition of Triton to either extract or ATP system increases KNEP- Since the 
result is nearly the same for NEP as long as Triton is present for partitioning, extraction of a 
different set of host proteins is not likely responsible. The presence of Triton X-100 is chiefly 
desired for maintaining high yield of r-DGL in the top phase. 
Both KTP and K,-OGL decreased slightly with decreasing Triton X-100 concentration, 
while r-DGL losses were significant at lower Triton X-100 levels (Table 3). Therefore, 
Triton X-100 concentration was kept at 2 mM to avoid the significant yield loss. 
The most important advantage of PEG 3350-phosphate over PEG 335O-Na^SG^was that 
the top-phase yield and purification of r-DGL were higher (Fig. lb and Table 2). In addition, 
in the PEG 3350-NaiS04 -NaCl (6%) system, r-DGL also partitioned into the third phase 
(Table 2), while no third phase was observed in PEG 3350-phosphate systems. 
There are two possible reasons for the sulfate/phosphate differences. 1) Triton X-100 is 
expected to be constrained to the PEG phase in the sulfate system(34). Therefore, the lack of 
Triton X-100 in the bottom phase causes oil and hydrophobic components including a 
portion of the r-DGL to become insoluble and form the third phase. 2) The stronger salting-
out capability of SO4 relative to phosphate(25) along with its ionic strength (7=1.5) in the 
PEG 3350-sulfate system results in lower solubility of r-DGL in this system than in the PEG 
3350-phosphate systems (/= 1.3). Only the more effective PEG 3350-phosphate system was 
studied further. 
Effect of phase ratio 
Having fixed the nature of top and bottom phases to provide favorable selectivity, 
product recovery and overall purification factor can still be manipulated by controlling the 
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phase ratio (21) though not always effectively(35). The r-DGL was partitioned completely to 
the top phase at phase ratios of 0.29 and higher (Fig. 2a). The apparent Kr.DGL increase may 
be misleading as it results from assuming a bottom phase composition of the detectable limit 
when, in fact, none was detected. At the still lower phase ratio of 0.13, precipitation was 
observed on the interface and approximately 42% r-DGL and 13% total protein were not 
accounted for in the two phases (Fig 2b). 
At the same time, KTP increased with decreasing phase ratio. In principle, the K of 
individual proteins would be independent of phase ratio; however, here we are combining a 
mixture of native proteins, where changes in phase ratio can lead to changes in KTP even if Ks 
of individual proteins remain constant. Although KTP increased at lower phase ratio, less com 
protein was recovered in the top phase because of the smaller volume of the top phase. As a 
result, the optimal purification with a purification factor 2.3, concentration factor 1.5, and 
96% yield was achieved at phase ratio 0.5 (Fig. 2c), where the purity of r-DGL was 30%. 
The concentration factor was limited because the extract loading used in ATP 
partitioning was 5 ml extract/11 ml final phase volume. Attempts to prepare more 
concentrated stocks or add the phase-forming components as solids led to significant losses 
(ca. 50% at 9 ml/11 ml final phase volume) of r-DGL (in some but not all cases with the 
appearance of a visible precipitate). In addition, the method, which enhances the purification 
of target proteins in the top phase by decreasing phase ratio, is limited by the solubility of the 
r-DGL (Fig. 2b). 
Table 2. Partitioning of r-DGL containing corn endosperm extract in PEG-NaaSC^ ATP systems at pH 4 
PEG MW NaCl (%) KTP Kr-DGl 
Yr-DGL (%) Yn»(%) PF 
Bottom Top Third Bottom Top Third Bottom Top Third 
1450 0.5 1.56±0.08
a 0.19±0.02 79±5 12±1 NDb 45±4 61±6 - 1.66±0.08 0.2±0.02 
6 2.05±0.09 11.9±2.3 11±2 74±2 ND 48±5 55±5 - 0.23=1=0.05 1.31±0.03 
3350 0.5 0.9±0.03 0.04±0.01 81±6 3.5±0.5 ND 54±2 49±3 - 1.51±0.06 0.07±0.01 6 1.74±0.11 3.69±0.24 21±1 63±4 16±5° 35±2 62±3 3±3° 0.48±0.03 1.02±0.06 5±lc 
8000 0.5 0.91±0.04 0.16±0.02 36±1 3.4±0.3 ND 66±7 34±3 - 0.55=1=0.01 0.1±0.01 6 1.41±0.04 1.27±0.17 24±2 14±1 ND 56±6 36±4 - 0.42=1=0.06 0.38±0.02 
a± ranges are 95% confidence intervals 
bND: not detected. 
0 The yield of r-DGL and total proteins and purification factor were calculated based on amount added with the extract; third-phase volume 
was by difference, assuming a total of 100% recovery because the third-phase volume was not accurately measured. 
Table 3. Triton X-100 influence on partitioning of r-DGL and endosperm protein in PEG 3350 ( 14%)-phosphate (12%)-NaCl (1.5%) system at 
pH4 (0= 1). 
Triton X-100 MB 
concentration (mM) Kr-DGL KTP Knep pftop Purity3 (%) (%) 
In extract In final ATPS r-DGL TP 
2 * 39±9
b 1.34±0.05 1.12±0.05 1.34±0.05 17±1 72±3 74±4 94±1 
2 48=1=12 1.35±0.08 1.09±0.05 1.61±0.08 21±1 89±3 90±4 94± l 
0 26±2 0.76±0.07 0.71±0.02 1.34±0.12 17±1 57=1=5 59±4 99±2 
0 1 32±2 1.17±0.07 1.10±0.07 1.31=1=0.07 17±1 70±4 72±4 100±1 
2 44±1 1.35±0.14 1.21±0.22 1.63±0.14 21±1 98=1=3 100±3 100±1 
a r-DGL as % of total proteins 
b± ranges are 95% confidence intervals 
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Figure 1. Influence of NaCl addition on partitioning of r-DGL-containing endosperm extract in PEG 
3350 (14%)-phosphate (12%) systems at pH 4. (a) Partition coefficient, (b) Mass balance of r-DGL 
and total protein, (c) Purification factor and yield of r-DGL in the top phase. Error bar ranges are 95% 
confidence intervals. 
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Figure 2. Influence of phase ratio on partitioning of r-DGL-containing endosperm extract in PEG 
3350-phosphate-NaCl (1.5%) systems at pH 4 in Table 1. (a) Partition coefficient, (b) Mass balance 
of r-DGL and total protein, (c) Purification factor and yield of r-DGL in the top phase. Error bar 
ranges are 95% confidence intervals. 
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Estimation of countercurrent ATP partitioning 
Countercurrent staging of extraction improves the purification obtained and reduces 
material requirements. Based on the parameters obtained from the optimal ATP one-stage 
partitioning (K^DGL = 96, KNEP = 1.1, phase ratio = 0.5, MBnep= 96%, MBr.dgl= 98%), 
three stages of countercurrent ATP partitioning with introduction of extract into the fresh top 
phase would result in a calculated(36) purification factor, concentration factor and yield of r-
DGL in the top phase of 7.9, 1.4 and 92%, respectively. Because KNEP is the apparent K of a 
protein mixture; it is likely (based on the phase ratio results of Fig. 2a) that KNEP will increase 
with the number of stages. Recalculation based on a KNEP = 2.2 results in purification factor, 
concentration factor and yield of r-DGL of 7.6, 1.3 and 85%, respectively, after seven stages 
(Table 4). 
Cation Exchange Chromatography 
Cation exchange chromatography run at pH 4.5 was compared to ATP partitioning. Fig. 
3 shows that 5 ml of resin captured nearly all of the ca. 400 units of r-DGL loaded to the 
column in 60 ml of extract (6.7 U/ml). The r-DGL was mainly collected in Fraction 19 for 
gradient elution or in Fraction 17 for step elution. For higher recovery of r-DGL, Fractions 
18 through 20 for gradient elution or Fractions 17 through 19 for step elution were pooled. 
The resulting purification factors of these pooled eluates were 7.7 and 7.9 for gradient elution 
and step elution, respectively. These results are shown in Table 4, where the volumes have 
been adjusted to show a scale corresponding to producing the same quantity of lipase as 
would be recovered in 1 L of ATP system stage volume. With these cuts, the gradient elution 
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produced slightly higher yield - approximately 92% compared to 83% in step elution (Table 
4). 
Table 4. Purification of r-DGL by cation exchange chromatography and countercurrent ATP 
partitioning normalized for the product capacity of a 1 L ATP system stage volume. 
Separation method3 
F of 
product 
(ml) (ml) 
Purity 
(%) CF PF 
Y,-DGL 
(%) 
Cation exchange Gradient elutionb 114 562 95±9 3.6±0.1 7.7±1 92±3 
(38 ml packed bed) " Step elutionb 114 562 95=1=9 3.3±0.1 7.9±1 83±2 
Countercurrent 3 stagesKNEF=\.\C 367 545 95 1.25 7.9 92 
ATP partitioning 
(1 L/stage) 
3 stages KNEp=22c 
7 stages KNEp=2.2° 
367 
367 
545 
545 
50 
95 
1.25 
1.16 
3.9 
7.6 
92 
85 
a the processing capacity of r-DGL extract was 454 ml (5/11 L) 
b resin volume was 38 ml 
0 estimated by calculation 
d volume of buffer consumed in chromatographic or partitioning steps 
± ranges are 95% confidence intervals 
The comparison of ATP and cation exchange processing of Table 4 is based on the 
result that 5 ml of extract can be partitioned in 11 ml of stage volume (or 455 ml in 1L of 
stage volume) resulting in a top phase product volume of 3.7 ml (or 333 ml at 1L scale). 
Since 5 ml of resin could process 60 ml of extract, 38 ml of resin would be used for 455 ml 
of extract. With staging, similar buffer consumption, yield and purification can be obtained, 
but the ATP process results in a more dilute product stream. 
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Figure 3. Cation exchange chromatography of r-DGL. (a) Gradient elution; (b) Step elution. Details 
of the chromatography are presented in the text. Two replicate experiments using repeated extractions 
on the same column are plotted with the rDGL values from the two runs distinguished by the filled 
and open symbols. 
CONCLUSIONS 
Proper selection of phase ratio, Triton X-100 concentration and NaCl addition enables 
selective recovery of r-DGL in the top phase of a PEG 3350-phosphate ATP system. ATP 
partitioning (1 stage) achieved lower purification factor (PF=2.3) than cation exchange 
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chromatography (PF-1.1). Countercurrent ATP partitioning could achieve a similar 
purification factor as cation exchange chromatography after three stages (assuming KNEP= 
1.1) or seven stages (assuming KNEP = 2.2) stages. Purity and concentration factors for the 
partitioning and ion exchange alternatives were 95% and 1.4 and 95% and 3.6 respectively. 
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CHAPTER 5. A METHOD FOR THREE DIMENSIONAL PROTEIN 
CHARACTERIZATION AND ITS APPLICATION TO 
A COMPLEX PLANT (CORN) EXTRACT 
A manuscript for submission to Biotechnology and Bioengineering 2006 
Zhengrong Gu and Charles E. Glatz 
Abstract: Knowledge of host protein properties is critical for developing purification 
methods for recombinant proteins from a specific host, or for choosing suitable hosts and 
targeted expression tissues for a specific recombinant protein. A method to obtain a three-
dimensional (3D) map (surface hydrophobicity (SH), isoelectric point (pi) and molecular 
weight (MW)), of a host's aqueous soluble protein properties was developed. The method 
consists of hydrophobic partitioning in PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) 
system followed by quantitative, 2D-electrophoretic characterization of the proteins of each 
equilibrium phase and the original extract. The pi and MW of host proteins were obtained 
directly through 2D-electrophoresis. The partition coefficients of individual proteins, i.e. 
single spots on the 2D-gels, were obtained by matching the spots on the two gels of the 
proteins in the top phase and the bottom phase, respectively, and used to estimate their 
hydrophobicities according to a surface hydrophobicity scale based on the partition 
coefficients of several model proteins with known surface hydrophobicities in the same ATP 
system. The inclusion of the extract gel provided for a spot selection criterion based on 
satisfactory mass balance closure. The method is illustrated by application to a mixture of 
model proteins and to complex mixtures i.e. corn germ proteins extracted at pH 7 and pH 4. 
The 3D-map of corn germ proteins provided simultaneous characterization of those proteins 
making up more than 60% of the protein content of the extract and indicated that germ 
I l l  
proteins extracted at pH 7 contained more acidic and hydrophilic proteins than that extracted 
at pH 4, while the molecular weight (MW) of most corn germ proteins was below 70 kDa. 
Key words: aqueous two-phase, PEG, ^-electrophoresis, hydrophobicity, corn, protein 
INTRODUCTION 
A great challenge to rational selection of separation and purification steps for 
recombinant proteins is the lack of fundamental knowledge regarding the molecular 
properties of the major contaminants, i.e., the native proteins that are to be removed (Asenjo 
and Andrews, 2004). Protein surface hydrophobicity (SH), charge or isoelectric point (pi) 
and the molecular weight (MW) greatly affect separation behavior (Table 1). 
Table 1 Separation methods and primary basis for separation 
Protein property Separation method 
Ion exchange chromatography 
Charge Polyelectrolyte precipitation 
Isoelectric focusing 
Size exclusion (gel filtration) chromatography 
Size Ultrafiltration or diafiltration 
Dialysis 
Hydrophobic interaction chromatography (HIC) 
Hydrophobicity Reverse phase chromatography (RPC) 
(NH4)2S04 precipitation 
Bio-affinity Affinity chromatography Immuno-precipitation 
2D-electrophoresis is widely used to characterize MW and pi. More recently serial 
separations, based on chromatography or capillary electrophoresis, have provided alternative 
characterizations. Ion exchange or chromatofocusing provides a first dimension related to 
charge or pi. Further fractionation of each first dimension fraction by reverse phase 
chromatography (RPC) provides a second dimension of hydrophobicity. If the RPC fractions 
are monitored by mass spectrometry the third dimension of MW is obtained (Stroink et al., 
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2005). Extending 2D-gel characterization to the same 3D-set requires adding a 
hydrophobicity dimension. 
In addition to RPC, protein (surface) hydrophobicity has been measured by hydrophobic 
interaction chromatography (HIC) (Hachem et al., 1996; Huddleston et al., 1996), 
(NH4)2SÛ4 precipitation (Hachem et al., 1996), potassium phosphate precipitation 
(Huddleston et al., 1996) ANS (l-(anilino) naphthalene-8-sulfonate) fluorescent staining 
(Haskard et al., 1998) and hydrophobic partitioning in ATP systems (Andrews et al., 2005; 
Hachem et al., 1996; Yano et al., 1994). 
As a method for first dimensional quantification of the hydrophobicity before 2D-gels, 
ATP partitioning would offer several advantages. ATP systems are composed of aqueous 
(70-90%) solutions of either two polymers or of one polymer, typically PEG, and a salt 
(Albertsson, 1986); therefore, most proteins are more stable in ATP systems than in RPC, 
while significant proteins losses in HIC have been reported (Goheen and Gibbins, 2000). 
Although the resolution of hydrophobic ATP partitioning is lower than RPC and HIC, 
hydrophobic ATP partitioning generates only two fractions while RPC (Stroink et al., 2005), 
HIC (Stevanovic and Bohley, 2001) and (NH4)2S04 precipitation produce multiple fractions. 
A single partitioning of a complex mixture can be used to simultaneously obtain the partition 
coefficients, K (the ratio of concentrations of top to bottom phase), of as many specific 
proteins as can be individually quantified in the two phases, ANS fluorescent staining 
(Haskard et al., 1998) can only measure the hydrophobicity of pure proteins. 
Beyond knowing properties of host cell proteins, it would be helpful to reduce the 
amounts that end up in the product extract. A combination of compartment -specific 
expression and selection of extraction conditions determines this. Corn has been used as the 
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host for several recombinant proteins, including ^-glucuronidase, avidin, aprotinin, bovine 
trypsin and gastric lipase (Horn et al., 2004). For recombinant proteins expressed in corn, 
targeted expression into germ followed by dry fractionation of the grain to eliminate the hull 
and much larger endosperm fraction increased the initial concentration (per mass of plant 
solids) of ^-glucuronidase ten times (Kusnadi et al., 1998), providing an initial ten-fold 
feedstock volume reduction. The alternative of endosperm targeting, while not reducing 
solids volume substantially, does eliminate nearly 80% of the water-soluble corn proteins 
(Menkhaus et al., 2004). With germ expression, much of the soluble protein contamination 
can be eliminated by extraction near pH 4.7 where native protein solubility is minimal 
(Nielsen et al., 1973) thus increasing the initial extract purity greatly (Azzoni et al., 2002). 
Recombinant proteins unstable at acidic pH may require neutral pH extraction so the range 
from pH 4-7 is of interest. 
2D-gel electrophoresis has been used to characterize corn peroxidases from different 
kernel fractions (Lasztity, 1996), corn albumins and globulins (Cross and Adams, 1983) and 
zeins (Wilson et al., 1981; Consoli and Damerval, 2001). Surface hydrophobicity 
distributions have not been reported; aggregate hydrophobic behavior has been reported for 
com extracts (Gu and Glatz, 2006). 
Hydrophobic partitioning model 
Based on the hydrophobic partitioning model of Hachem et al. (1996), the partition 
coefficients of the proteins in an ATP system where hydrophobic effects dominate can be 
expressed as a function of their surface hydrophobicity (P), the intrinsic hydrophobicity of 
the ATP system (PQ) and the hydrophobic resolution (R), which is the degree to which the 
ATP system can separate proteins with different hydrophobicities. Their model is 
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P LogK = RxLog — (1)  
PQ 
Since Po is the same for all proteins in a given ATP systems, for a series of proteins 
R ^ALog_K 
z&og f 
from which R of a given ATP system can be determined by partitioning a series of proteins 
of known P. Once R is determined, the same system can be used to determine an unknown P 
relative to one of the reference proteins as 
(3) 
For our basic aim of obtaining a hydrophobicity measure, we need merely to select an 
ATP system dominated by hydrophobic effects and obtain K of each protein. K values for a 
complex mixture of proteins can be determined by quantitative ^-electrophoresis of each of 
the two phases with mapping of corresponding spots followed by using the ratio of matched 
spot protein contents to calculate the K values. At the same time, the two electrophoresis 
dimensions of isoelectric focusing and gradient gel electrophoresis provide the determination 
of the orthogonal properties of protein pi and MW, respectively. 
Equations 1-3 provides a means to assess the resolution of the Log K measure (via R) 
and the alternative of connecting the Log K measure to an independent P scale (such as those 
seen in Table 2, discussed below). 
In this research, a three-dimensional (3D) mapping method was developed to 
characterize proteins by surface hydrophobicity (Log K), pi and MW. Protein mixtures were 
partitioned in polyethylene glycol (PEG) 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) aqueous 
two-phase (ATP) systems and the top and bottom phase proteins were separately quantified 
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by 2D-electrophoresis. The phase system resolution was calculated by measuring partition 
coefficients of several proteins with known surface hydrophobicities (Table 2) in the same 
ATP system. The method was tested by application to a simple mixture of model proteins 
and then applied to complex mixtures consisting of pH 7 and pH 4 extracts of corn germ 
proteins. 
Table 2 pi, MW and surface hydrophobicity measures of model proteins 
Hydrophobicity 
Protein name pla MWa(kDa) 
Log (l/m*)b HSF
C 
(from Log K) GRAVY
d 
Chymotrypsin A 8.75 25 -0.428e -40 0.051 
Lysozyme 10.3 14.3 -0.378 -20 -0.15 
A-Lactalbumin 4.5 14 -0.452 -80 -0.169 
Ribonuclease A 9.6 13.7 -0.431e -60 -0.213 
Cytochrome c 9.59 12.4 -0.477e -100 -0.902 
BSA 4.9 66.5 -0.506 -220 -0.429 
a Gasteiger et al., 2005. 
b m* is the concentration of salt at the discontinuity point of the protein's (NH^SC^ precipitation 
curve (Andrews et al., 2005). 
0 surface hydrophobicity scale derived from Log K of proteins, K is the partitioning coefficient of 
proteins in PEG - dextran systems (Yano et al., 1994) 
d Grand average of hydropathicity calculated from the crystal structure using the program at 
EXPASY.org (Gasteiger et al., 2005). 
ethe m* is the concentration of salt at the discontinuity point of the protein's (NH^SOj precipitation 
curve, which was measured following the procedure described by Andrews et al., 2005. 
MATERIALS AND METHODS 
Materials 
Defatted corn germ milled to a particle size range from 0.03 to 0.15 mm was supplied 
by ProdiGene Inc. (College Station, TX). PEG (MW 3350), chymotrypsin A (>95%), 
cytochrome c (>95%), ribonuclease A (>95%), a-lactalbumin (>90%), BSA (>95%), 
lysozyme (>95%) and DL-dithiothreitol (DTT) were from Sigma-Aldrich Corp. (St. Louis, 
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MO). The rehydration buffer (8 M urea, 2% CHAPS, 50 mM DTT, 0.2% BioLyte), 11 cm 
immobilized pH gradient (IPG) strips (pH 3-10), iodoacetamide,and 4-20% (w/v) acrylamide 
gels were from Bio-Rad (Hercules, CA), the Coomassie Plus® protein assay reagent kit was 
from Pierce Biotechnology (Rockford, IL). Other chemicals were ACS-certified grade from 
Fischer Scientific (Pittsburgh, PA). Water was deionized. 
(NH4)2SC>4 Precipitation 
Solubility curves for chymotrypsin A, cytochrome c and ribonuclease A as a function of 
salt concentration were obtained following the procedure of Andrews et al. (2005). The same 
initial protein concentrations (2 mg/ml) and curve fitting procedures were used to obtain m* 
values consistent with the values taken from their paper for lysozyme, BSA and a-
lactalbumin. 
Corn extract preparation 
Corn germ solids were added by weight to 20 mM phosphate buffer at pH 7 or 4, at a 
level of 10 g solids/50 ml buffer. The slurry was stirred for 1 h by magnetic stirbar and the 
pH was controlled with the addition of 1 M NaOH or 1 M HC1. The slurry was then 
centrifiiged (3000xg, 22°C, 30 min) (Sorvall RC5B Plus centrifuge, DuPont, Wilmington, 
DE) and decanted. The pH 7 supernatants were filtered (0.45 jxm jiStar cellulose acetate 
syringe filter, Costar Corp., Coming, NY), while the pH 4 supernatants were titrated to pH 7 
by adding 1 M NaOH slowly with stirring, then centrifiiged (3000xg, 22°C, 30 min) and 
filtered. 
ATP partitioning 
Stock solutions: PEG 3350 (50%) and Na^SO4 (23%) stock solutions were prepared in 
20 mM phosphate buffer at pH 7. All model proteins were prepared as 5 mg/ml stock 
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solutions in 20 mM phosphate buffer at pH 7 immediately before ATP partitioning. 
Partitioning and phase separation: The ATP systems in Table 3 were prepared by 
mixing appropriate PEG, NaiSC^ and protein stocks with solid NaCl. After 1 h of gentle 
mixing in an end to end shaker (Lab industries Inc., Berkeley, CA) at room temperature 
(22°C), phases were separated by centrifugation at lOOOxg for 20 min (Sorvall RC5B Plus 
centrifuge, DuPont, Wilmington, DE). After recording the volume of each phase, the top 
phase was carefully removed by transfer pipette and the bottom phase was collected by 
piercing the bottom of centrifuge tube with a syringe; the region near the interface was left in 
the tube to avoid contamination of the phase samples. The protein concentrations in samples 
from each phase were analyzed. 
Table 3 ATP composition and protein loading 
ATP partitioning experiments and conditions 
NaCl concentration 
(wt%) Protein samples 
Protein loading 
(mg/g ATP system) 
Purpose 
0-7 Single model proteins 0.20 Determining hydrophobicity scale 
Mixture of model 0.75 3D-method 3 proteins verification 
Germ proteins 
extracted at pH 4 0.05-0.4 Establish protein 
loading 
3 
Germ proteins 
extracted at pH 7 0.1-1.2 
Germ proteins 
extracted at pH 4 0.25 
- 3D-method application Germ proteins 
extracted at pH 7 1.0 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%) at pH 7. Germ extract at pH 4 was adjusted to pH 7 
before partitioning. 
2D-electrophoresis 
Sample preparation To avoid interference from the salt and PEG, and to increase the 
protein concentration, the samples of each phase were precipitated by trichloroacetic acid 
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(TCA) before isoelectric focusing. 0.75 ml of sample was mixed with an equal volume of 
ice-cold 20% (w/v) TCA in a 1.5 ml microcentrifuge tube, vortexed for 30 s and incubated on 
ice for 15 min before centrifuging at 13000xg for 5 min (Marathon 16KM microcentrifuge, 
Fisher Scientific, Pittsburgh, PA). The supernatant was separated from the protein precipitate 
by pipet. Precipitates from extracts and the model protein mixture were washed with three 
cycles of 200 pi ice cold acetone, centrifuging at 13000xg for 5 min, and removing 
supernatant. Precipitates from the phase systems were washed twice with 200 (4.1 ice cold 
10% (w/v) TCA, followed by three washes with acetone. During TCA washing, samples 
were incubated on ice for 5 min before centrifugation. The entire operation was performed in 
a 4°C cold room. The washed pellet was air-dried at 22°C for 1 h to remove residual acetone. 
Where protein concentration was low, multiple replicate preps were pooled at this point. The 
dried pellet(s) was dissolved in 0.12 ml (except for the highest protein content pellets from 
gem proteins extracted at pH 7 and the model protein mixtures, which were dissolved in 0.75 
ml) of 8 M urea for 1 h on an end-to-end shaker at 22°C. The protein concentration in the 
urea solution was measured after 10-fold dilution. 
Isoelectric focusing For the first dimension, the protein samples were diluted into 
rehydration buffer (8 M urea, 2% CHAPS, 50 mM DTT, 0.2% BioLyte) to a final protein 
concentration of 1 mg/ml. Immobilized pH gradient (IPG) strips (pH 3-10, 11 cm; Bio-Rad, 
Hercules, CA) were rehydrated with 185 (il of this protein solution at 22°C for 12 h. 
Focusing was carried out in an Amersham Biosciences Ettan IPGphor IIIEF Cell (GE 
Health, Piscataway, NJ) for a total of 80,000 V-h. 
SDS-PAGE The focused strips were equilibrated for 15 min in Equilibration Buffer 1 
(6M urea, 20% glycerol, 2%w/v SOS, 375 mM Tris pH 8.6, 2%w/v DTT) and another 5 min 
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in Equilibration Buffer 2 (6M urea, 20% glycerol, 2%w/v SDS, 375 mM Tris pH 8.6, 
2.5%w/v iodoacetamide), loaded onto a 4-20% (w/v) gradient acrylamide gel (Bio-Rad, 
Hercules, CA), and the second electrophoresis carried out in a Bio-Rad Criterion Dodeca 
cell. Gels were stained with Coomassie Blue G-250, scanned at 600 dpi on an ImageS canner 
flatbed scanner (GE Health, Piscataway, NJ) and analyzed with PD-Quest (Bio-Rad, 
Hercules, CA). Normalized protein spot volumes (the area multiplied by stain intensity, 
calculated as the percentage of the total spot volume in the gel) were calculated for each 2D-
gel and served as the measure of the mass of each protein. The gels of the initial protein 
mixture (i.e. the mixture of model proteins or germ extract at pH 4 or germ extract at pH 7) 
and corresponding samples from the top phase and bottom phase were run in parallel. The gel 
of the initial mixture was used as the reference for matching the sample set of protein spots 
from each of the equilibrium phases with the initial orientation based on isolated protein 
spots of significant content in each corner and center of the gel, allowing the software to 
complete the matching. For the three-protein model solution, spots were matched manually. 
SDS-page gels of the individual model proteins and their mixture were run to aid in 
identification of impurities during this matching. The normalized protein spot volumes of 
matched spots were used to calculate the concentration, mass balance and K of proteins. 
Experiments with the model proteins and the corn germ extract were replicated three and two 
times, respectively. 
Protein concentration assay 
Concentration of single-protein solutions was measured at 280 nm, except for 
cytochrome c, which was assayed at 410 nm (Margoliash, 1959). The total concentration of 
the model protein mixture, the extracts, the phases samples and the redissolved TCA 
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precipitates were determined using the Coomassie Plus® protein assay reagent kit (Pierce, 
Rockford, IL) with BSA as standard (Bradford, 1976). The ATP phases and extract buffer 
were employed in standard curves for corresponding samples to correct for interference from 
salt and PEG. All ATP partitioning experiments were replicated three times and replicate 
samples were assayed twice. 
RESULTS AND DISCUSSION 
Corn protein extraction 
Germ extractions at pH 4 have lower level of host proteins - 3.6 mg/g solids at pH 4 
versus 62 mg/g solids at pH 7, as has been reported elsewhere (Gu and Glatz, 2006). Salt 
addition to the extract buffer did not change the native protein extraction significantly. No 
loss of total protein was observed when the extractions at pH 4 was adjusted to pH 7. 
Hydrophobicity scale 
In Figs. 1, the Log K of the six model proteins are correlated with other measures of 
surface hydrophobicity (Table 2). Among the other measures, GRAVY has the advantage of 
being calculable for known protein structures. The solubility parameter measure, m* was 
favored among several choices by Hachem at al. (1996). In Fig. lb, BSA was not included 
as it clearly did not fit the linear correlation; hence, the range was reduced in that case. Based 
on the correlation coefficients (Table 4, 5), a satisfactory linear relationship (r2 > 0.8) that 
included all model proteins was only obtained between the Log K of model proteins in PEG 
3350 (15.7%)-NaiS04 (8.9%) systems with high NaCl addition (> 3 wt%) and the surface 
hydrophobicities (Log (1/m *)) obtained from solubility profile during (NH4)2S04 
precipitation. A similar linear relation between Log K of model proteins in PEG-phosphate 
systems and the surface hydrophobicities obtained from (NH^SC^ precipitation was 
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reported by Hachem et al. (1996), leading them to note the dominance of hydrophobic 
influences in the phase system and the value of m * as a measure of protein hydrophobicity in 
solution. In addition, the higher NaCl concentration (> 3 wt%) results in higher hydrophobic 
resolution (R), which indicates higher hydrophobic difference between the two phases. As 
was observed by Hachem et al. (1996), Log PQ also becomes increasingly negative at higher 
NaCl. Since there was little change beyond 3% NaCl and proteins may have lower solubility 
at higher NaCl, 3% was used for the eventual standard procedure. 
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Figure 1 Log K related to hydrophobicity from references 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%) at pH 7, and protein loading is 0.2 mg/g ATP 
system for each model protein, (a) m* is the concentration of salt at the discontinuity point of the 
protein's (NH^SC^precipitation curve. (Hachem et al., 1996). (b) surface hydrophobicity scale 
derived from Log K of proteins, K is the partitioning coefficient of proteins in PEG - dextran systems 
(Yano et al., 1994). (c) Grand average of hydropathicity calculated from the crystal structure using the 
program at EXPASY.org (Gasteiger et al. 2005). The error bars represent the 95% confidence 
intervals. 
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Table 4 Linear regression results of Log K against surface hydrophobicity measured by (NH4)2S04 
precipitation (Fig. la). 
[NaCl] (%) Intercept ( -RxLogPo)  Slope (R)  LogPo 
0 2.06 6.71 -0.307 0.78 
1 4.32 11.41 -0.379 0.84 
3 9.64 22.31 -0.432 0.85 
5 11.19 25.11 -0.446 0.87 
7 12.70 28.32 -0.448 0.91 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%) at pH 7, and protein loading is 0.2 mg/g ATP 
system for each model protein. 
The need to eliminate BSA from the correlation with the PEG-dextran scale may be the 
result of its being significantly larger than the other five model proteins. The effect of 
protein size is more significant in PEG-dextran systems but not important in PEG-salt 
systems (Andrews et al., 2005). While the idea of a correlation against a measure calculable 
from a protein data base (i.e. GRAVY) is appealing, Fig. lc shows that even a nonlinear 
correlation would be of limited usefulness. Though not pursued here, the parameters of Table 
4 that relate partitioning in PEG 3350-Na2SC>4-NaCl to m*, provide a means of predicting 
solubility behavior from a Log K measurement. 
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Table 5 Linear regression results of Log K against surface hydrophobicity measured by partitioning 
in PEG-dextran system (Fig. lb)a. 
[NaCl] (%) Intercept (-R y-Log P0) Slope (R)  Log Po R
2 
0 -0.5131 0.0052 98.70 0.41 
1 0.178 0.014 -12.70 0.65 
3 1.7513 0.031 -56.50 0.84 
5 2.36 0.035 -67.46 0.95 
7 2.71 0.039 -69.50 0.97 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%) at pH 7, and protein loading is 0.2 mg/g ATP 
system for each model protein. 
aBSA is not included in the linear regression. 
3D-method Verification -simple protein mixture 
To assess the reliability of the 3D-method, a mixture of model proteins composed of 2 
mg/ml each of lysozyme, a-lactalbumin, and BSA in 20 mM phosphate buffer at pH 7 was 
characterized. 
A pitfall to obtaining quantitative results is the loss of protein during the concentration 
step via TCA precipitation prior to running the 2D-gels. Table 6 shows a protein yield of 50-
60% (or losses of 40-50%) in the course of concentrating the proteins from the partitioning 
phases (extract did not have an appreciable loss) for both the model protein solution and the 
corn germ extracts. These losses may have been caused by interference of ATP phase-
forming components with any of the precipitation, washing or redissolution steps. Large 
phase samples were used to offset the loss so that spots remained detectable and, as a first 
approximation, the losses were assumed to be uniform for all proteins. The latter assumption 
was checked by mass balances for individual proteins from the 2D-gel image analysis and 
found to be generally true. Proteins where the image analysis revealed losses that deviated 
from the mean were not carried forward for computation of K. 
Figs. 2a-c show the 2D-gels from the initial mixture and the two equilibrium phases 
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along with identification of the matched spots for the 3 model proteins; the origin of the 
unlabeled impurities were established via SDS-PAGE of the individual proteins (gel scans 
provided with supplementary materials). The most prominent impurities, introduced with the 
lysozyme, appear to be lysozyme multimers judging by their pi and MW and the tendency of 
lysozyme to form aggregates. The pi and MW data (Figs. 2a,b,c) obtained by 2D-
electrophoresis agreed with that from the protein databank (Gasteiger et al., 2005), 
confirming the spot identities shown. After determination of the (pi, MW) coordinates 
directly from the gel and calculation of the partition coefficient by ratios of the two 
equilibrium phase gels to obtain the Log K coordinate, Fig. 2d could be plotted to provide a 
visual representation of the characteristics of the proteins in this mixture. As a check on the 
validity of the Log K obtained in this fashion, the values were also obtained by partitioning 
the three proteins individually and calculating the equilibrium phase concentrations from 
total protein assays. Table 7 shows the agreement obtained by the two routes. The extreme 
partitioning of lysozyme together with its higher impurity content (the impurity is combined 
with the lysozyme for the individual portioning but not by the 2D-method) leads to the 
greatest inaccuracy. 
Thus, the feasibility and reliability of simultaneous determination of three protein 
characteristics for a known mixture were established. The 3D-mapping should provide a 
useful tool for developing a purification strategy for recovery of a recombinant protein from 
such a mixture using standard separation media that exploit differences in these three 
properties. The Log K axis could alternatively be replaced with an Log P axis using the 
correlation results of Table 4 together with Eqn. 3. 
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Table 6 Total protein yield from the TCA precipitation step. 
Original solution Mass before TCA precipitation (mg) 
Mass recovered after 
TCA precipitation (mg) (%) 
Extract 
Model proteins mixture 
pH 4 extract 
pH 7 extract3 
1.5±0.1 
0.57±0.07 
3.4±0.3 
1.4±0.1b 
0.56±0.07 
3.1±0.3b 
96±8 
98±5 
93±5 
ATP 
top 
phase 
Model proteins mixture 
pH 4 extract 
pH 7 extract 
0.36±0.04 
0.56±0.1 
0.81±0.1 
0.22±0.04 
0.29±0.05 
0.43±0.06 
60±5 
51±7 
53±6 
ATP 
bottom 
phase 
Model proteins mixture 
pH 4 extract 
pH 7 extract 
0.48±0.06 
0.56±0.1 
1.05±0.1 
0.26±0.04 
0.3±0.05 
0.62±0.06 
56±6 
53±7 
59±7 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%), loading of germ protein extracted at 
pH 4 and model host protein was 0.25 mg/g ATP systems, loading of germ protein extracted at pH 7 
was 1 mg/g ATP systems. 
a Diluted three times with the extract buffer before TCA precipitation. 
b The TCA precipitates were redissolved in 0.75 ml 8 M urea; others were redissolved in 0.12 ml of 8 
M urea. The ± represent the 95% confidence intervals. 
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Figure 2 2D-gels and 3D-map of model protein mixture. 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Mixture was composed of 
equal amounts lysozyme (LYS), a-lactalbumin (LAC) and bovine serum albumin (BSA), totaling 
0.75 mg/g ATP system, (a) initial protein mixture, (b) equilibrium top phase, (c) equilibrium bottom 
phase, (d) 3D-diagram of model protein properties. 
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Table 7 Comparison of simultaneous determination of multiple protein partition coefficient via 2D-
gel with spot matching via a series of individual protein partitioning experiments a 
Method Protein K Mass Balance 
a-Lactalbumin 0.40±0.13 110±11 
Simultaneous BSA 0.07±0.06 98±9 
by 2D-gelb Lysozyme 60±30 99±12 
Total 0.62±0.15° 101±13c 
Protein assay Individual 
or 
total of mixtureb 
a-Lactalbumin 
BSA 
Lysozyme 
Total 
0.35±0.07 
0.06±0.05 
38±12 
0.74±0.1d 
100±5 
96±5 
97±5 
98±5d 
a ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. 
b Loadings of model proteins (each model protein) were 0.25 mg/g ATP system whether individually 
or as the mixture. 
0 Calculated from the summation of the individual spot masses. Based on total protein assays of the 
two phases the results were 0.76±0.1 and 98±9 for K and the mass balance, respectively. The mass 
balance of proteins was corrected for the average total protein loss in TCA precipitation and 
redissolution. 
d Calculated for the mixture by assuming that these model proteins would partition the same if added 
as a mixture. 
The ± represent the 95% confidence intervals (3 replicates). 
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Application of the 3D-method to a complex mixture: corn germ proteins 
Since higher protein loadings to the ATP system leads to simpler and more accurate 
quantification of the 2D-gels, particularly for proteins with partition coefficients far from one 
and large numbers of protein components, the influence of protein loading on the measured 
overall K was assessed. Fig. 3 shows nearly constant partitioning over the concentration 
range studied consistent with previous reports of little change until much higher 
concentration for other proteins (Schmidt et al., 1998). The K of individual proteins, which 
are present at still lower concentrations, likewise should be constant. As a result, 1 mg/g ATP 
system protein loading was used in the 3D-method for germ protein extracted at pH 7. For 
pH 4 extracts, protein solubility limited the extract concentration that could be obtained so 
0.25 mg/g ATP systems was used. 
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0.00 
O) 
o 
-0.50 -
-1.00 
• pH 4 extract 
O pH 7 extract 
3 £ £ £ 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 
Protein loading (mg/g ATP system) 
Figure 3 Germ extract protein loading influence on measured partition coefficient 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Germ extract at pH 4 was 
adjusted to pH 7 before partitioning. The error bars represent the 95% confidence intervals. 
3D-mapping of extracted corn germ protein The 2D-gels of germ protein extracts at the 
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two extraction pHs (Figs. 4a and 5a) reveal some differences in the extracted proteins. Only 
27% of germ proteins extracted at pH 7 have pi higher than 7 while more than 69% of germ 
protein extracted at pH 4 was basic protein, i.e., with pi higher than 7. The molecular weight 
distribution also changed with extract pH; more than 57% of pH 4 extracted proteins were 
smaller than 30 kDa versus 28% for pH 7 extraction. Addition of the third (hydrophobic) 
dimension (Figs. 4d and 5d and Table 8 show subsets of these data; the complete spreadsheet 
for all matched spots have been provided in the supplementary materials) from the individual 
phase gels (Figs. 4b-c and 5b-c) showed that more than 70% of germ proteins extracted at pH 
7 partitioned more to the bottom phase, i.e., the Log K was less than 0, while in extraction at 
pH 4 only about 31% proteins partitioned more to the bottom phase. 
The criterion for inclusion in Table 8 was that a matched spot on the 2D-gels 
contributed at least 1% of the total normalized spot volume. For inclusion in Figs. 4d and 5d, 
the mass balances had to close within 15 and 30%, respectively. These mass balance criteria 
were chosen to include spots containing more than 50% of the proteins (Table 8) and 
correspond to the average mass balance data accounting for all spots (Table 9). The mass 
balances calculated from the 2D-gels also show that the assumption of uniform losses during 
the TCA precipitation and redissolution steps is of limited accuracy, particularly for the pH 7 
extract. Where losses occur does not seem to depend on MW, pi, Log K or protein content 
(Figs 6) with the exception that the scatter is largest for those proteins of lowest 
concentration. More replicates or running gels with different loadings to improve accuracy 
for subsets of spots would undoubtedly improve the accuracy. 
Indirect validation of the K values was obtained by comparing K values for total protein 
by direct total protein assay of the top and bottom phases with a value calculated from total 
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spot volumes of the top and bottom phase gels (Table 9). Because the gel values are based 
on only two replicates, the 95% confidence intervals become very large (despite the small 
standard deviation), making evaluation of the differences between the two methods difficult. 
They do, however, give quite similar results. 
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Figure 4 2D-gels and 3D-map of germ protein extracted at pH 4. 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Germ protein extracted at pH 
4 was adjusted to pH 7 before partitioning (0.25 mg/g ATP system), (a) initial germ extract, (b) 
equilibrium top phase, (c) equilibrium bottom phase, (d) 3D-diagram of germ protein (pH 4 extract) 
properties (spots in Table 8) whose mass balances are within 15% of 100%, where the volume of the 
spheres is proportional to their relative mass in the extract. 
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Figure 5 2D-gels and 3D-map of germ protein extracted at pH 7. 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Loading of germ protein was 1 
mg/g ATP system, (a) initial germ extract, (b) equilibrium top phase, (c) equilibrium bottom phase, 
(d) 3D-diagram of germ protein (pH 7 extract) properties (spots in Table 8), gray: the spots whose 
mass balances ranges are within 15-30% of 100%, black: the spots whose mass balances are within 
15% of 100%, where the volume of the spheres is proportional to their relative mass in the extract. 
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Table 8 3D-properties, content and mass balance in ATP partitioning of germ proteins 
A, germ proteins extracted at pH 4 
Criteria MW (kDa) Pi Logr % of subset total proteinb Mass balance by 2D-%els° (%) 
15 5.1 -2.00 4.9 90 
36 5.6 -1.70 2.3 90 
13 3.9 -1.52 2.6 92 
14 4.2 -1.45 2.6 91 
39 5.6 -1.22 1.6 107 
pH 4, total 
61 spots, 
these 23 
spots (MB 
100 ± 15%, 
13 4.9 -0.21 4.9 94 
16 4.5 -0.15 2.5 86 
25 8.5 -0.11 9.9 99 
25 6.2 0.21 2.7 90 
25 6.5 0.52 2.9 85 
and content 25 7.1 0.57 2.8 86 
>1% of total 25 9.8 0.63 7.7 102 
protein) 
contain 62% 
of the total 
protein. 
25 7.5 1.00 6.4 89 
25 6.8 1.05 3.7 89 
27 8.7 1.20 1.6 85 
27 9.7 1.20 1.6 85 
30 9.7 1.33 7.5 96 
66 9.0 1.53 1.9 85 
67 8.7 1.55 2.4 88 
30 7.9 1.92 4.7 92 
30 8.4 2.00 5.4 85 
30 7.4 2.10 8.5 85 
30 9.3 2.24 9.0 98 
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B, germ proteins extracted at pH 7 
Criteria MW (kDa) pi Logr % of subset total proteinb 
Mass balance by 
2D-gels" (%) 
67 6.5 -2.49 7.5 75 
67 6.8 -2.21 3.3 70 
28 5.1 -2.17 2.3 79 
13 4.5 -2.05 1.9 124 
18 5.5 -2.00 1.9 103 
25 6.0 -2.00 2.2 72 
37 5.2 -2.00 1.8 82 
60 6.4 -2.00 2.6 79 
17 5.4 -1.98 1.8 112 
25 5.6 -1.96 2.9 73 
pH 7, total 70 
spots, these 32 
spots (MB 100 
± 30%, and 
content >1% 
28 4.9 -1.95 2.2 74 
41 5.5 -1.92 5.3 83 
59 5.3 -1.57 2.3 89 
19 6.9 -1.28 1.6 72 
15 4.6 -1.16 1.9 82 
of total 39 5.9 -1.12 2.1 89 
protein) 28 5.6 -1.00 6.2 70 
containing 
60% of the 
total protein. 
31 7.1 -1.00 2.0 80 
38 5.8 -1.00 7.3 80 
61 4.6 -1.00 1.6 85 
31 8.0 -0.76 2.0 80 
23 8.8 -0.73 8.7 108 
29 5.6 -0.40 2.9 80 
10 9.4 0.00 2.0 89 
10 9.8 0.0 1.6 81 
12 9.7 0.00 1.6 119 
38 6.9 0.00 1.6 102 
12 4.2 0.09 1.7 89 
14 5.5 0.50 8.0 80 
31 7.3 1.00 2.0 80 
22 7.0 1.04 5.3 73 
38 7.1 1.48 1.6 107 
a ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Germ extract at pH 4 was 
adjusted to pH 7 before partitioning. Loading of germ protein extracted at pH 4 and pH 7 was 0.25 
and 1 mg/g ATP system, respectively. 
b Calculated from the summation of the individual spot (listed in this table) masses. 
e The mass balance of proteins was corrected for the average total protein loss in TCA precipitation 
and redissolution (Table 6). 
All data are the average of two replicate experiments. 
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Figure 6 Mass balances of protein spots on the 2D-gel as functions of protein content and properties 
(pi, MW, and Log K). 
ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Germ extract at pH 4 was 
adjusted to pH 7 before partitioning. Loading of germ protein extracted at pH 4 and 7 was 0.25 and 1 
mg/g ATP system, respectively. The mass balance of proteins was corrected for the average total 
protein loss in TCA precipitation and redissolution (Table 6). All data are the average of two replicate 
experiments. 
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Table 9 Comparison of simultaneous determination of total protein partition coefficient via 2D-gel 
with spot matching via total protein concentration assaya 
Method Data pH 4 extract pH 7 extract 
Simultaneous^ K 1.1±0.7
C 0.35±0.7C 
Mass balance (%) 87±30 70±30 
K 1.0±0.15d 0.25±0.06d Protein assay 93±10 Mass balance (%) 100±10 
a ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Germ extract at pH 4 was 
adjusted to pH 7 before partitioning. 
b Loading of germ protein extracted at pH 4 and 7 was 0.25 and 1 mg/g ATP system, respectively. 
0 Calculated from the summation of the individual spot masses. The mass balance of proteins was 
corrected for the average total protein loss in TCA precipitation and redissolution. 
d Based on total protein assays of the two phases. 
The ± represent the 95% confidence intervals. 
This application tests the method under the most stringent conditions that would apply 
in using it to provide protein properties on which to base design of separation strategies, i.e. 
with the crude extracts. Accuracies would improve further downstream as the stream 
becomes less complex. At those stages, application of the method is still of interest because 
it could be used to suggest a basis of separation for those host cell proteins that are proving 
more difficult to remove. 
CONCLUSIONS 
A method of obtaining the 3D-characterization of a host's aqueous soluble protein 
properties was developed. The 3D-mapping method consists of hydrophobic partitioning in 
PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) system, TCA precipitation and 2D-
electrophoresis. The 3D-mapping method will be useful for 1) developing an optimal 
purification strategy for a protein expressed in a specific host; 2) predicting what kind 
recombinant proteins can be separated most easily if expressed in a specific host; and 3) 
choosing a suitable host or host fractions or the extraction condition for a specific 
recombinant protein to facilitate downstream purification. 
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The 3D-map of corn germ protein was obtained by this 3D-method. Compared to corn 
germ extract at pH 7, the germ extract at pH 4 contains less protein and that protein is more 
hydrophobic, more basic and smaller. Therefore, extraction conditions will significantly 
affect purification processing. 
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Supplementary Information 
Germ protein 3D-properties, content and mass balance for the complete set of 2D spots matched in 
top and bottom phases for ATP partitioning 
Table A Germ proteins extracted at pH 4 
Spot 
number MW (kDa) Pi Logf % of set total protein
b Mass balance by 
2D-Bels=(%) 
25i 25 7.9 0.00 2.4 8 
14b 14 4.5 0.00 1.3 20 
25a 25 4.9 0.00 0.5 20 
20a 20 4.8 1.00 0.5 29 
18 18 4.6 -1.32 1.3 30 
12a 12 6.8 -1.00 1.1 30 
40c 40 5.9 -1.10 0.6 44 
40f 40 6.8 -1.14 0.5 49 
40e 40 6.6 -1.13 0.6 49 
25b 25 5.5 -1.52 0.5 54 
35e 36 6.9 -1.01 0.6 54 
14d 14 8.4 -1.32 0.8 56 
14c 14 7.9 -1.21 0.6 56 
40d 39 6.3 -0.98 1.0 57 
12b 12 7.7 -1.27 1.0 62 
30e 30 8.9 0.30 0.8 64 
37a 37 7.0 -1.15 0.7 64 
30a 30 7.0 1.00 1.7 68 
40b 40 5.8 -1.14 1.0 69 
25k 25 9.4 1.26 0.8 71 
20c 20 5.8 -1.08 0.5 76 
30b 30 7.4 2.10 5.3 85 
30d 30 8.4 2.00 3.3 85 
25e 25 6.5 0.52 1.8 85 
60c 66 9.0 1.53 1.2 85 
27a 27 8.7 1.20 1.0 85 
27b 27 9.7 1.20 1.0 85 
100a 100 3.9 -1.00 0.6 85 
90a 90 4.0 -1.00 0.6 85 
75a 75 4.0 -1.00 0.5 85 
25g 25 7.1 0.57 1.7 86 
16 16 4.5 -0.15 1.5 86 
60b 67 9.5 1.26 0.7 87 
35b 35 5.7 -1.57 0.4 87 
60a 67 8.7 1.55 1.5 88 
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Table A Germ proteins extracted at pH 4 (continued) 
Spot 
number MW (kDa) pi Logr % of set total protein
b Mass balance by 
2D-gels=(%) 
60d 66 7.3 1.18 0.6 88 
25c 25 5.9 -1.20 0.6 89 
25b 25 7.5 1.00 4.0 89 
25f 25 6.8 1.05 2.3 89 
15 15 5.1 -2.00 3.0 90 
25d 25 6.2 0.21 1.7 90 
35a 36 5.6 -1.70 1.4 90 
20b 20 5.5 -1.41 0.5 90 
35c 35 5.9 -1.06 0.4 91 
35d 35 6.2 -1.25 0.6 91 
14a 14 4.2 -1.45 1.6 91 
30c 30 7.9 1.92 2.9 92 
13a 13 3.9 -1.52 1.6 92 
13b 13 4.9 -0.21 3.1 94 
30g 30 9.7 1.33 4.6 96 
60e 66 7.7 1.36 0.8 98 
30f 30 9.3 2.24 5.6 98 
25j 25 8.5 -0.11 6.1 99 
25L 25 9.8 0.63 4.8 102 
40a 39 5.6 -1.22 1.0 107 
10 10 7.2 -1.77 1.5 117 
13d 13 5.9 -1.74 4.9 119 
13c 13 5.2 -1.23 4.3 119 
14e 14 9.1 -0.09 0.5 150 
12d 12 9.5 -0.64 0.7 232 
12c 12 8.4 -1.36 0.7 232 
Table B Germ proteins extracted at pH 7 
Spot 
number MW (kDa) pi Logr % of set total proteinb 
Mass balance by 
2D-gels=(%) 
44 44 6.5 0.00 1.2 8 
48 48 5.4 0.00 1.0 8 
50c 50 7.0 -0.76 0.9 9 
38a 38 5.6 -1.72 1.1 12 
21a 22 4.9 0.00 1.0 12 
26 26 6.8 0.00 0.9 12 
60c 61 5.7 -1.52 0.4 13 
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Table B Germ proteins extracted at pH 7 (continue) 
Spot 
number MW (kDa) Pi Logf % of set total protein
b Mass balance by 
2D-gels=(%) 
12b 12 4.4 0.00 1.0 15 
35a 35 7.3 0.00 0.5 16 
35b 35 7.5 0.00 0.5 16 
50d 50 7.4 -0.76 0.4 21 
50a 50 5.5 -1.34 1.3 21 
36b 36 7.4 -1.36 0.4 23 
36a 36 6.9 0.00 0.4 23 
33b 33 5.9 0.00 0.3 25 
33a 33 5.7 0.00 0.3 25 
16 16 6.5 -2.00 0.3 25 
50b 50 6.7 -1.45 1.3 27 
67a 67 5.6 -1.93 2.4 32 
13b 13 5.3 -2.00 0.9 40 
54 54 9.8 -0.60 2.6 42 
50e 51 7.9 -0.76 0.2 43 
60b 60 5.6 -1.71 0.7 46 
30 30 8.5 0.65 1.9 50 
39a 39 5.8 -1.00 0.8 55 
23c 20 5.3 -2.22 3.2 55 
23b 23 5.2 -1.04 4.7 62 
40a 40 5.2 -1.62 0.9 63 
23a 23 5.0 -1.45 2.9 65 
27 27 6.9 -1.28 0.9 66 
67c 67 6.8 -2.21 2.0 70 
28c 28 5.6 -1.00 3.7 70 
28d 28 7.1 -0.64 0.6 72 
25b 25 6.0 -2.00 1.3 72 
19 19 6.9 -1.28 1.0 72 
25a 25 5.6 -1.96 1.7 73 
23d 22 7.0 1.04 3.1 73 
28a 28 4.9 -1.95 1.3 74 
67b 67 6.5 -2.49 4.4 75 
28b 28 5.1 -2.17 1.4 79 
40c 40 6.8 2.00 0.4 79 
60d 60 6.4 -2.00 1.6 79 
38b 38 5.8 -1.00 4.3 80 
31c 31 8.0 -0.76 1.2 80 
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Table B Germ proteins extracted at pH 7 (Continued) 
Spot 
number MW (kDa) Pi Logr % of set total protein
b Mass balance by 
2D-gels=(%) 
31a 31 7.1 -1.00 1.2 80 
31b 31 7.3 1.00 1.2 80 
32 32 8.9 -2.00 0.3 80 
29 29 5.6 -0.40 1.7 80 
14 14 5.5 0.50 4.8 80 
23e 23 7.2 0.29 0.6 81 
10b 10 9.8 0.0 1.0 81 
37a 37 5.2 -2.00 1.1 82 
15a 15 4.6 -1.16 1.2 82 
40b 41 5.5 -1.92 3.2 83 
61 61 4.6 -1.00 1.0 85 
60a 59 5.3 -1.57 1.4 89 
12a 12 4.2 0.09 1.0 89 
10a 10 9.4 0.00 1.2 89 
39b 39 5.9 -1.12 1.3 89 
52 52 5.8 -1.19 0.5 92 
38c 38 6.9 0.00 1.0 102 
18 18 5.5 -2.00 1.1 103 
38d 38 7.1 1.48 1.0 107 
23f 23 8.8 -0.73 5.2 108 
17 17 5.4 -1.98 1.1 112 
12c 12 9.7 0.00 1.0 119 
13a 13 4.5 -2.05 1.1 124 
15b 15 6.2 -1.85 0.6 143 
13c 13 6.0 -1.66 0.2 200 
40d 40 6.9 2.00 1.6 268 
a ATP system is PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) at pH 7. Germ extract at pH 4 was 
adjusted to pH 7 before partitioning. Loading of germ protein extracted at pH 4 and 7 was 0.25 and 1 
mg/g ATP system, respectively. 
b Calculated from the summation of the individual spot (listed in this table) masses. 
0 The mass balance of proteins was corrected for the average total protein loss in TCA precipitation 
and redissolution. 
All data are the average of two replicate experiments. 
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Supplementary Figure A SDS-PAGE of the model proteins and their mixture 
(a) 10 jig MW standard (b) mixture of lysozyme, a-Lactalbumin and BSA, (c) lysozyme, (d) BSA, (e) 
a-Lactalbumin. The protein loading for three model proteins and their mixture was 50 jig/lane 
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CHAPTER 6. GENERAL CONCLUSIONS AND FUTURE WORK 
Strategies to optimize the recovery of recombinant proteins from transgenic corn have 
been investigated. The influence of tissue targeted expression in corn kernels and dry milling 
fractionation on following recovery and purification processing were studied. ATP 
partitioning was studied as a recombinant protein recovery method and compared with 
chromatography. The properties of native corn germ proteins were characterized by 
hydrophobic ATP partitioning and two dimensional electrophoresis. 
Purification of a recombinant protein from transgenic corn begins with targeted 
expression. Because endosperm is the major part of the kernel and has much less aqueous 
soluble proteins than germ, targeted expression in endosperm followed by dry milling and 
fractionation can greatly reduce the containment protein i.e. native corn protein, while 
recombinant proteins enriched in germ benefits downstream with lower solids loading. To 
further decrease the native com proteins, extraction of the target protein at low pH (i.e. pH 3 
or 4) is a good method if there is no activity loss of target proteins at this pH. 
As an initial separation method, a general methodology was developed for 
implementing and optimizing ATP partitioning to recover recombinant proteins from com 
materials. Extracted com protein (at pH 7) favored the bottom phase in most PEG - salt ATP 
systems. Partition coefficient of endosperm protein was higher than that of germ protein in 
all ATP systems studied. K of com protein increased with pH of ATP systems decreased with 
PEG MW. TLL was not a significant factor for K in most PEG 8000 - salt systems. K of com 
proteins decreased in the integrated extractive partitioning because of the presence of com 
solids and the amount of host proteins extracted was also lower. NaCl addition increased K 
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but decreased extraction of corn proteins in the integrated procedure. These effects were 
more evident in PEG 8000 - (NH^SCU systems than in PEG - phosphate systems. 
Recovery of model proteins by ATP partitioning was also investigated. NaCl addition 
enhanced the selective recovery of relatively hydrophobic protein, i.e. lysozyme, in PEG 
3350 (15.7 wt%) -Na^SO/, (8.9 wt%). At 4.5 wt% NaCl, selectivity for lysozyme in the top 
phase relative to com fraction proteins was 134 and 616 for endosperm and germ, 
respectively, with essentially complete recovery in the top phase. NaCl addition above 4.5%, 
i.e. 8.5%, decreased selectivity of lysozyme in the top phase because only more com protein 
was partitioned into the top phase. For a target protein absolutely partitioned to the top phase, 
decreasing the phase ratio enhances the purification without recovery losses. Increasing com 
solids and lysozyme loading did not significantly change the purification factor until 10X 
loading for germ. A different set of conditions favored selective recovery of the more 
hydrophilic protein cytochrome c in the lower phase. Lowering PEG MW and addition of 
NaCl resulted in PF = 4.7 and Y = 93% and PF = 9.1 and Y = 100% for recovery from 
endosperm and germ extracts, respectively, in the PEG 1450 - 8.5% NaCl - Na^SC^ system. 
A relatively hydrophobic and acid-stable recombinant protein, targeted for endosperm 
expression, was used as an actual case for studying the selective extraction and following 
purification methods for recombinant proteins from com. Removal of com oil from the meal 
of whole grain reduced the amount of detergent required for r-DGL extraction greatly. Dry 
milling and fractionating benefits the recovery of r-DGL by decreasing both the amount of 
detergent required and native proteins extracted (particularly at pH 3.0) and is a "greener" 
process by avoiding hexane use for oil removal. Therefore, degerming prior to extraction and 
selective extraction at pH 3 was the preferred strategy. In addition, suitable extraction time 
149 
and particle size reduction enhanced the recovery of r-DGL significantly. 
After selective extraction, r-DGL was partially purified from endosperm extract by ATP 
partitioning according to the general methodology for implementing and optimizing ATP 
partitioning for recovery of recombinant proteins from corn materials. ATP variables 
included polyethylene glycol (PEG) molecular weight, phase forming salt, NaCl addition, 
Triton X-100 concentration and phase ratio for optimal r-DGL purification. The phase 
forming salt and PEG MW are the most important factors. Higher recovery and purification 
of r-DGL in the top phase was achieved in PEG 3350-phosphate system than in PEG-sulfate 
systems. NaCl and Triton X-100 addition can enhance the selective partitioning of relatively 
hydrophobic proteins to the PEG phase, but optimization needs to be investigated. 
Improvement of the separation of the target protein in the top phase by decreasing phase ratio 
is limited by the solubility of the target protein. 
The separation ability of ATP partitioning also depends on the difference between the 
target and native host proteins. Where the target protein partitioned absolutely to the top 
phase, the purification of one stage ATP partitioning is limited by the partitioning of native 
host proteins. As an alternative separation method, cation exchange was investigated. For 
endosperm extract containing r-DGL at pH 3, loading at pH 4.5 and ionic strength ca. 200 
mM NaCl avoids absorbance of most contaminant proteins on the CM cation exchange resin. 
Countercurrent ATP partitioning (by estimation) was compared with cation exchange 
for purification of the hydrophobic recombinant dog gastric lipase (r-DGL) from extracts of 
transgenic corn endosperm. Countercurrent ATP partitioning could achieve a similar 
purification factor as action exchange chromatography after three stages if partition 
coefficient of corn endosperm native protein (K^EP) equaled 1.1 or seven stages if KMEP 
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increased with stages to result in an average value as 2.2. Purity and concentration factors for 
the partitioning and ion exchange alternatives were 95% and 1.4 and 95% and 3.6 
respectively. 
Based on hydrophobic partitioning, the method of obtaining the 3D map (isoelectric 
point, molecular weight and hydrophobicity) of a host's aqueous soluble protein properties 
was set up in this research. The 3D mapping method is composed of hydrophobic 
partitioning in PEG 3350 (15.7%)-Na2S04 (8.9%)-NaCl (3%) system, TCA precipitation and 
2D electrophoresis. The 3D mapping method will be useful for 1) developing an optimal 
purification strategy for target proteins expressed in a specified host; 2) predicting what kind 
recombinant proteins can be separated easily for an established host line; and 3) choosing 
suitable hosts or targeting expression fractions for special target proteins to facilitate the 
downstream processing. 
The 3D map of corn germ protein was obtained by this 3D method. Compared to corn 
germ extract at pH 7, the germ extract at pH 4 contained more hydrophobic proteins, more 
basic proteins and more small proteins. As a result, optimizing the downstream processing of 
transgenic protein from corn is a system engineering question; the same might be true for 
other hosts. Therefore, extraction and separation steps can not be considered separately, i.e., 
extraction conditions significantly affect purification processing. In addition, the 3D map of 
corn germ proteins shows that acid stable recombinant proteins with high MW i.e. >100 kDa 
or relatively low hydrophobicity should be separated easily from corn germ extract at pH 4. 
On the other hand, separation methods based on charge differences are less likely to be 
selective for target protein expressed in corn germ because of the wide pi distribution of 
native germ proteins. 
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Suggested future work can be separated into two parts. The first part focuses on the 
separation of recombinant proteins from corn or other crop hosts. The downstream 
processing after ATP partitioning need be studied, the potential method after the top (PEG 
rich) phase recovery may be ion exchange, while ultra-filtration or gel filtration 
chromatography may be suitable for further purification of recombinant proteins enriched in 
the bottom (salt rich) phase. The ability of multistage procedure in recombinant protein 
separation from com extract need be investigated by experiments, because the composition 
of protein mixtures changes along with the stages. New ATP partitioning technology such as 
thermo separate ATP systems and affinity partitioning may be useful for separating specific 
recombinant proteins. 
In addition, because hydrophobic interaction chromatography (HIC) has been widely 
used as a hydrophobic separation method and protein characterization, the characterization of 
com proteins separation in HIC will be useful for choosing operation conditions for 
recombinant proteins from com. The pH, composition of salt (NaCl or (NH^SC^) and 
different resin ligands (phenyl, butyl and octyl) could be changed to study the separation of 
com proteins or other host's proteins. HIC can also be used as an alternative method to 
quantify surface hydrophobicity of com proteins. 
The other possible future research area is the application of the 3D-method set up in this 
thesis or new 3D-characterization methods developed in future. Because the expression in 
endosperm benefits downstream processing with lower native protein and oil content, the 
knowledge of endosperm protein properties will be useful for choosing downstream 
purification method. The characterization of com endosperm proteins separation can be 
studied after the extraction and concentration steps. 
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At the same time, the 3D-method could be used to predict the separation of one 
recombinant protein in a new host system, and the results of separation experiments based on 
this prediction could be used to verify the application and limitation of the 3D-method. 
In addition, the 3D-methods can be used to monitor the relation between protein 
expression (new proteins), post-translation modification (different charge: like 
phosphorolytion, size or hydrophobicity changing: like glycosylation) in corn and 
environment factors such as fertilization, light, irrigation and insects. To achieve this 
application, the sensitivity of 2D-gel need be enhanced by using fluorescent staining or 
loading more protein on bigger gel. On the other hand, western-blotting or other detection 
bases on affinity interaction will be necessary for identification of specific proteins. 
